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Baker,  W.  H.,  Limanni,  A.,  Chang,  C.,  Jackson,  W.  E.,  See¬ 
mann,  R.  and  Patchen,  M.  L.  Comparison  of  Interleukin-la 
Gene  Expression  and  Protein  Levels  in  the  Murine  Spleen  after 
Lethal  and  Sublethal  Total-Body  Irradiation.  Radiat.  Res.  143, 
320-326  (1995). 

To  understand  the  effects  of  ionizing  radiation  on  the  produc¬ 
tion  of  IL-la  in  vivo  within  a  hematopoietic  organ,  we  evaluated 
acute  changes  in  splenic  IL-la  mRNA  and  IL-la  protein  after 
exposing  B6D2Fi  mice  to  lethal  and  sublethal  ^®Co  radiation. 
Results  suggest  that  in  vivo,  ionizing  radiation  induces  a  time- 
and  dose-dependent  accumulation  of  IL-la  mRNA  in  the  mouse 
spleen  after  exposure  to  y  radiation.  Time-dependent  increases 
in  the  level  of  IL-la  protein  were  also  observed,  although  the 
magnitude  of  increased  protein  expression  did  not  complement 
the  magnitude  of  the  accumulation  of  the  message.  Selective  con¬ 
centration  of  cells  producing  IL-la  does  not  appear  to  account 
completely  for  the  increase  in  splenic  IL-la  mRNA  observed  in 
this  in  vivo  system.  ©  1995  by  Radiation  Research  Society 


INTRODUCTION 

The  polypeptide  cytokine  interleukin  1  (IL-1)  is  capable 
of  a  wide  range  of  activities  involved  in  hematopoietic, 
inflammatory,  immunological,  metabolic,  physiological, 
endocrine  and  neurological  functions.  An  additional 
intriguing  function  of  IL-1  is  its  protection  of  the  bone  mar¬ 
row  when  administered  before  lethal  irradiation.  Further¬ 
more,  within  the  radiation  dose  range  which  results  in  the 
hematopoietic  syndrome,  IL-1  appears  to  be  an  endoge¬ 
nous  mediator  of  radioprotection  (7),  as  demonstrated  by 
the  fact  that  irradiated  mice  treated  with  anti-IL-1  receptor 
antibodies  before  such  irradiation  manifest  increased 
radiosensitivity  (2).  It  was  concluded  in  the  studies  of  Neta 
et  al  that  the  presence  of  endogenous  IL-1  both  before  and 

^Reprint  requests  to:  William  H.  Baker,  Walter  Reed  Army  Institute 
of  Research,  Department  of  Comparative  Pathology,  Washington,  DC 
20307-5100. 


after  irradiation  appears  to  be  required  to  achieve  maxi¬ 
mum  radioprotection.  In  vitro  studies  have  demonstrated 
mRNA  specific  for  IL-1  as  well  as  for  other  genes  to  be 
induced  by  7-  and  X-ray  exposures  (J,  4).  Early-response 
gene  activation  appears  to  account  for  this  induction  (5,  6). 
To  understand  better  the  effects  of  radiation  on  production 
of  IL-1  in  vivo,  we  evaluated  changes  in  IL-la  mRNA  and 
IL-la  protein  after  exposing  mice  to  lethal  and  sublethal 
ionizing  radiation.  The  levels  of  IL-la  were  evaluated  in 
the  spleen  because  it  is  a  hematopoietically  active  organ  in 
mice  and  can  be  readily  removed,  allowing  rapid  isolation 
of  total  cellular  RNA  and  the  harvesting  of  relatively  large 
amounts  of  RNA.  Within  the  limits  of  these  studies,  results 
suggest  that  ionizing  radiation  may  induce  a  time-  and  dose- 
dependent  increase  in  IL-la  mRNA  and  protein  within 
24  h  postirradiation  after  lethal  and  sublethal  exposures. 

MATERIALS  AND  METHODS 

Experimental  Design 

Initial  studies  were  performed  in  which  IL-la  mRNA  expression  was 
evaluated  in  spleens  from  either  sublethally  or  lethally  irradiated  mice  at 
5  min  and  2,  4,  6,  8,  10  and  24  h  after  radiation  exposure.  Subsequent 
experiments  focused  on  evaluating  accumulation  of  IL-la  mRNA  and 
production  of  IL-la  protein  in  spleens  from  sublethally  and  lethally  irra¬ 
diated  mice  at  5  min  and  8  h  after  exposure.  In  each  experiment,  total 
cellular  RNA  was  isolated,  characterized  by  ethidium  bromide  staining 
of  agarose  gels  to  ensure  use  of  only  intact  RNA,  pooled  (splenic  RNA 
from  three  mice  for  each  treatment  group),  quantified,  reverse-tran¬ 
scribed  and  amplified  by  polymerase  chain  reaction  (PCR).^  The  ampli¬ 
fied  product  was  separated  by  electrophoresis,  Southern-blotted, 
hybridized  with  a  ^^P-nick-translated  probe  and  autoradiographed.  The 
radiographic  films  were  then  scanned,  and  images  were  quantified  using 
an  image  scanner.  In  additional  experiments,  splenic  cellularities,  total 
splenic  RNA  contents  and  differential  counts  were  done  on  splenic  cell 
suspensions  at  5  min  and  8  and  24  h  after  lethal  or  sublethal  irradiation. 

^Abbreviations  used:  GAPDH,  glyceraldehyde-3-phosphate  dehy¬ 
drogenase;  LPS,  lipopolysaccharide;  PCR,  polymerase  chain  reaction; 
RT-PCR,  reverse  transcriptase-polymerase  chain  reaction;  Taq,  Ther¬ 
mits  aquaticus. 
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321 


Mice 

B6D2Fi  female  mice  (approximately  20  g)  were  purchased  from  The 
Jackson  Laboratory  (Bar  Harbor,  ME).  Mice  were  maintained  in  an 
accredited  AAALAC  (American  Association  for  Accreditation  of  Labo¬ 
ratory  Animal  Care)  facility  in  Micro-Isolator  cages  on  hardwood-chip 
contact  bedding  and  were  provided  commercial  rodent  chow  and  acidi¬ 
fied  water  (pH  2.5)  ad  libitum.  Animal  rooms  were  maintained  on  a  12-h 
light/dark  cycle  at  70  ±  2°F,  with  50  ±  10%  relative  humidity,  and  at  least 
10  air  changes  per  hour  of  100%  conditioned  fresh  air.  Upon  arrival,  all 
mice  were  tested  for  Pseudomonas  and  quarantined  until  test  results 
were  obtained.  Only  healthy  mice  were  used  for  the  experiments.  All 
animal  experiments  were  approved  by  the  Institute  Animal  Care  and 
Use  Committee  before  performance. 

Irradiation 

The  AFRRI  ^“^Co  source  was  used  for  all  irradiations.  Mice  were 
exposed  bilaterally  in  ventilated  plastic  containers  to  total-body  y-ray 
doses  ranging  from  4  to  13  Gy  at  a  dose  rate  of  0.4  Gy  per  min.  Dosime¬ 
try  was  determined  using  ionization  chambers  (7)  with  standards  trace¬ 
able  to  the  National  Institute  of  Standards  and  Technology.  The  tissue- 
to-air  ratio  was  determined  to  be  0.96,  and  the  dose  variation  within  the 
exposure  field  was  <3%. 


RNA  Processing 

Spleens  were  removed  from  mice  euthanized  by  cervical  dislocation. 
Total  cellular  RNA  was  immediately  processed  from  intact  spleens  using 
the  RNAzol™  (TEL-TEST,  Inc.,  Friendswood,  TX)  method.  Briefly, 
each  spleen  was  placed  in  4  ml  of  RNAzol,  homogenized  in  a  tissue 
homogenizer  and  distributed  into  1-ml  aliquots;  100  pi  of  chloroform  was 
then  added  to  each  aliquot.  Mixtures  were  vortexed,  incubated  on  ice  for 
5  min  and  centrifuged  at  12,000g  (4°C)  for  15  min.  Supernatants  were 
transferred  to  new  tubes  and  an  equal  volume  of  isopropanol  was  added; 
they  were  then  vortexed  and  incubated  on  ice  for  30  min.  The  RNA  was 
pelleted  by  centrifuging  at  12,000g  for  15  min.  Supernatants  were  dis¬ 
carded,  and  the  pellets  were  washed  in  1  ml  of  75%  ethanol  and  re-pel¬ 
leted  by  centrifuging  at  12,000g  for  10  min.  The  ethanol  was  then  discard¬ 
ed,  and  the  pellets  were  dried.  Once  dried,  pellets  were  resuspended  in 
TE  buffer  (10  mM  Tris  and  1  mM  EDTA),  and  the  sample  was  quanti¬ 
fied  spectrophotometrically.  RNA  samples  from  each  spleen  were  quali¬ 
fied  on  a  denaturing  gel  before  samples  were  pooled. 

Reverse  Transcriptase-Polymerase  Chain  Reaction  (RT-PCR) 

RNA  from  pooled  samples  was  reverse-transcribed  in  a  mixture  con¬ 
taining  0.5  pg  total  cellular  RNA,  0.125  pg  oligo  dT  primer,  50  mM  Tris- 
HCl,  75  mM  KCl,  3  mM  MgCls,  1  mM  dNTP  mix  and  50  U  of  Moloney 
murine  leukemia  virus  reverse  transcriptase  (GIBCO-BRL,  Gaithers¬ 
burg,  MD).  The  mixture  was  incubated  at  37°C  for  1  h  and  at  90°C  for  10 
min  and  then  chilled  on  ice  for  10  min.  The  PCR  reagents  were  added  to 
the  reverse  transcription  products  to  final  concentrations  of  50  mM  KCl, 
10  mM  Tris-HCl  (pH  8.3),  1.5  mM  MgCls,  1  pM  5'-primer,  1  pM  3'- 
primer  (murine  IL-la  specific  primers,  Clonetech,  Palo  Alto,  CA,  and 
murine  GAPDH  primers,  Synthetic  Genetics,  San  Diego,  CA),  1.6  mM 
dNTP’s  and  1.25  U  of  Taq  DNA  polymerase  (Perkin-Elmer,  Norwalk, 
CT).  Primer  sequences  were  as  follows: 


IL-la  5'  primer 
IL-la  y  primer 
GAPDH  5'  primer 
GAPDH  y  primer 


5'-ATG  GCC  AAA  GTT  CCT  GAC  TTG  TTT3' 
5'-CCT  TCA  GCA  ACA  CGG  GCT  GGT  C-3' 
5'-CCA  TGG  AGA  AGG  CTG  GGG-3' 

5 '  CCA  GTA  GGT  ACT  GTT  GAA  AC-3' 


Samples  were  amplified  for  20  cycles  with  denaturation  at  94°C  for 
1  min,  annealing  at  60°C  for  2  min,  extension  at  72°C  for  3  min  and  a 


final  extension  at  72°C  for  7  min  in  a  thermocycler  (Perkin-Elmer,  Nor¬ 
walk,  CT).  Negative  controls  consisted  of  samples  in  which  reverse  tran¬ 
scriptase  was  deleted. 

Southern  Blot  Preparation,  Hybridization  and  Autoradiography 

Ten  microliters  of  each  PCR  product  from  each  time  was  elec- 
trophoresed  in  a  1  %  agarose  gel  with  1  x  TBE  buffer  (0.089  M  Tris  base, 
0.089  M  boric  acid  and  0.002  M  EDTA)  and  transferred  onto  nylon 
membranes.  Blots  were  prehybridized  overnight  at  37‘^C  in  6X  SSC  (ix 
SSC  =  150  mM  NaCl,  15  mM  sodium  citrate  dihydrate,  pH  7.0),  5X  Den- 
hardt’s  solution  (Sigma,  St.  Louis,  MO),  0.1  mg/ml  salmon  sperm  DNA, 
48%  formamide,  1%  SDS  and  0.05  M  Tris.  Blots  were  hybridized 
overnight  with  an  IL-la  cDNA  probe  (5)  containing  a  1.9-kb  insert, 
which  was  subcloned  into  the  BamHl  site  in  pGEM-4  (Promega,  Madi¬ 
son,  WI).  The  probe  was  labeled  by  nick-translation  with  ^^P  (Amer- 
sham,  Arlington  Heights,  IL)  using  a  commercial  kit  (GIBCO-BRL, 
Gaithersburg,  MD)  and  added  at  a  concentration  of  1  to  2  x  10^  counts 
per  minute  per  milliliter  of  prehybridization  fluid.  Hybridized  blots  were 
then  washed  three  times  in  2x  SSC/0.5%  SDS  for  15  min  each  at  42°C 
and  then  in  0.1  X  SSC/0.1%  SDS  for  1  h  at  62°C.  Excess  fluid  was 
removed  from  blots  before  wrapping  them  in  plastic  wrap  and  placing 
them  in  cassettes  for  autoradiography.  Quantification  by  RT-PCR  was 
relative  and  was  based  on  the  amount  of  expression  per  0.5  pg  of  pooled 
total  cellular  RNA  per  time.  Resulting  autoradiographs  were  scanned 
and  densitometric  volumes  for  each  band  determined  using  a  laser  scan¬ 
ning  densitometer  (Molecular  Dynamics,  Sunnyvale,  CA). 

Spleen  Cell  Suspensions 

Spleen  cell  suspensions  for  determination  of  the  cell  number,  differen¬ 
tial  cell  counts  and  protein  levels  were  prepared  by  pressing  whole  spleens 
through  a  stainless-steel  mesh  screen  and  washing  cells  from  the  screen  with 
medium.  Cells  were  dispersed  by  gently  aspirating  suspensions  through  an 
18-gauge  needle.  Cell  counts  were  made  using  a  Coulter  counter. 

Protein  Assay 

ELISA  kits  for  murine  IL-la  were  used  to  measure  IL-la  protein 
(Genzyme®  Intertest  IL-la,  Cambridge,  MA).  Briefly,  splenic  cell  sus¬ 
pensions  were  prepared  as  described  above  and  diluted  to  4  X  10^ 
cells/ml  in  PBS  and  1%  BSA.  Preparations  were  frozen  and  thawed  twice 
at  -70°C/room  temperature  and  centrifuged;  supernatants  were  harvest¬ 
ed  and  frozen  for  future  analysis.  Whole  spleens  were  placed  in  a  similar 
diluent,  homogenized  and  centrifuged,  and  the  supernatant  was  frozen  at 
-70°C  for  future  analysis. 

Quantification  and  Analysis 

Comparisons  of  all  means  were  made  using  the  Behring-Fischer  t  test 
or  the  Mann- Whitney  U  test.  The  mRNA  responses  of  the  initial  experi¬ 
ments  at  sublethal  and  lethal  doses  at  multiple  times  within  the  first  24  h 
postirradiation  were  compared  using  Friedmann’s  test. 


RESULTS 

Radiation  Survival  Responses 

Preliminary  studies  were  performed  to  determine  sub- 
lethal  and  lethal  ^^Co  radiation  doses  for  B6D2Fi  female 
mice.  Results  (Fig.  1)  indicated  that  100%  of  the  mice  sur¬ 
vived  after  7.75  Gy  and  0%  survived  after  at  doses  greater 
than  10  Gy.  The  LD50/30  was  8.7  Gy.  Based  on  these  results, 
a  sublethal  7.75-Gy  radiation  dose  (<LDi/3o)  on  the  shoul¬ 
der  of  the  survival  curve  and  a  lethal  9.75-Gy  radiation  dose 
(>LD99/3o)  on  the  tail  of  the  survival  curve  were  used  in 
subsequent  studies. 
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FIG.  1.  Radiation  dose-response  survival  curve  for  B6D2Fi  female 
mice  exposed  to  total-body  ^°Co  radiation.  At  least  10  mice  were 
exposed  to  each  radiation  dose. 


Gene  Expression 

In  initial  experiments  IL-la  gene  expression  was  evalu¬ 
ated  within  the  first  24  h  after  sublethal  and  lethal  total- 
body  irradiation.  Figure  2  represents  the  responses  of  mice 
from  two  sublethal  and  two  lethal  radiation  studies.  In 
these  studies,  processing  of  total  RNA  was  completed  and 
samples  stored  frozen;  then  RT-PCR,  electrophoresis,  blot¬ 
ting,  hybridization  and  scanning  were  done  simultaneously 
for  samples  obtained  from  each  radiation  study.  The  IL-la 
and  GAPDH  RT-PCR  signals  derived  from  identical  0.5-pg 
starting  concentrations  of  total  cellular  RNA  (Fig.  2A)  and 
a  graphic  presentation  of  GAPDH-corrected  IL-la  densito- 
metric  volumes  at  each  time  (Fig.  2B)  are  illustrated.  Both 
sublethal  and  lethal  radiation  exposures  produced  similar 
early  time-dependent  effects:  at  5  min  after  exposure,  levels 
of  IL-la  mRNA  were  not  detectable;  at  2  h  after  exposure 
normal  levels  of  IL-la  mRNA  were  evident.  Isolates 
obtained  from  later  times  demonstrated  increased  levels  of 
IL-la  mRNA,  ranging  from  2.6  to  22.0  times  the  normal 
control  levels.  Based  on  the  increased  density  of  the  bands 
obtained  from  the  samples  of  the  lethally  irradiated  mice 
compared  to  the  sublethally  irradiated  mice,  visual  exami¬ 
nation  of  these  results  appeared  to  suggest  that  IL-la 
expression  was  dependent  on  the  radiation  dose.  However, 
such  a  conclusion  was  approached  with  caution  since  these 
data  represented  separate  experiments  in  which  animals 
from  different  lot  numbers  were  used  for  studies  with  sub- 
lethal  and  lethal  doses. 

To  determine  definitively  if  IL-la  expression  was  depen¬ 
dent  on  the  radiation  dose,  additional  experiments  were 
performed  to  compare  mRNA  accumulations  in  sublethally 
and  lethally  irradiated  mice  from  the  same  lot  number 
simultaneously.  The  evaluations  were  performed  at  5  min 
and  8  h  after  exposure  (Fig.  3).  In  both  groups,  levels  of 
IL-la  mRNA  were  comparable  to  normal  responses  at 


5  min  after  exposure  and  at  8  h  were  significantly  increased 
9.1-  and  11.4-fold  above  normal  for  sublethally  {P  -  0.002) 
and  lethally  (P  <  0.001)  irradiated  mice,  respectively.  The 
8-h  responses  for  sublethal  and  lethal  exposures  also  dif¬ 
fered  significantly  (P  -  0.015). 

Protein  Levels 

Regardless  of  whether  the  protein  source  was  whole 
spleen  or  spleen  cell  suspension,  IL-la  protein  levels  in  sub- 
lethally  and  lethally  irradiated  mice  were  comparable  to 
normal  levels  at  5  min  postirradiation  but  were  significantly 
above  normal  levels  at  8  h  postirradiation  (Fig.  4).  In  whole 
spleens  (Fig.  4A),  basal  IL-la  protein  levels  were 
detectable  in  normal  mice.  In  whole  spleens  the  IL-la  pro¬ 
tein  levels  were  comparable  to  normal  mice  5  min  after 
exposure  to  sublethal  and  lethal  irradiation.  In  contrast,  8  h 
after  either  radiation  exposure,  whole  spleen  IL-la  protein 
levels  were  significantly  elevated  above  normal  levels  (sub¬ 
lethal  P  =  0.001;  lethal  P  =  0.007).  The  levels  of  IL-la  pro¬ 
tein  in  sublethally  and  lethally  irradiated  mice  were  compa¬ 
rable,  indicating  no  radiation  dose-dependent  effect.  Sam¬ 
ples  of  spleen  cell  suspensions  (Fig.  4B)  from  control  mice 
exhibited  IL-la  protein  below  detectable  levels.  However, 
levels  of  IL-la  protein  in  samples  from  sublethally  and 
lethally  irradiated  mice  at  5  min  after  exposure  were  mini¬ 
mally  detectable  and  were  significantly  elevated  in  samples 
at  8  h  postirradiation.  Again,  however,  no  statistical  differ¬ 
ences  were  observed  between  the  levels  of  IL-la  protein  in 
sublethally  compared  to  lethally  irradiated  mice. 

Total  Splenic  RNA  and  Splenic  Cellularities 

RNA  yields  per  spleen  in  mice  exposed  to  7.75  and  9.75 
Gy  were  comparable  at  the  three  times  studied  (Table  I). 
Splenic  RNA  yields  at  8  and  24  h  after  exposure  in  the  mice 
exposed  to  7.75  and  9.75  Gy  were  significantly  less  than 
yields  from  normal  spleens  {P  <  0.039).  In  mice  exposed  to 
7.75  Gy,  RNA  yields  were  reduced  to  65.9  and  40.7%  of 
control  by  8  and  24  h  postirradiation,  respectively.  In  mice 
exposed  to  9.75  Gy,  yields  were  reduced  to  63.5  and  32.6% 
of  control  for  the  same  periods. 

Total  splenic  cellularities  in  both  sublethally  and  lethally 
irradiated  mice  were  also  significantly  decreased  at  8  and 
24  h  after  irradiation  (Table  I).  In  mice  exposed  to  7.75  Gy, 
the  cellularity  of  the  spleens  was  were  reduced  to  34.3  and 
12.0%  of  control  by  8  and  24  h  postirradiation,  respectively. 
Similarly,  in  mice  exposed  to  9.75  Gy,  the  number  of  cells 
was  reduced  to  34.1  and  8.9%  of  normal  by  8  and  24  h  after 
exposure,  respectively.  Although  in  both  radiation  groups 
the  cell  numbers  were  comparable  at  5  min  and  8  h  after 
exposure,  by  24  h  fewer  cells  were  recovered  in  mice 
exposed  to  9.75  Gy  than  in  mice  exposed  to  7.75  Gy  (12.6  ± 
0.4  X  10^  compared  to  17.5  +  0.73  X  10^  cells,  P  <  0.001). 

According  to  differential  cell  counts,  lymphocytes 
accounted  for  approximately  97%  of  the  cells  of  normal 
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FIG.  2.  Panel  A:  Autoradiographic  image  of  RT-PCR  products  from  whole  spleens  of  control  mice  and  sublethally  (7.75  Gy)  and  lethally  (9.75 
Gy)  irradiated  mice  harvested  5  min  and  2, 4, 6, 8, 10  and  24  h  after  *Co  irradiation.  RNA  was  isolated,  reverse-transcribed  into  cDNA  and  amplified 
with  IL-la  or  GAPDH  specific  primers.  Panel  B:  Graphic  display  of  IL-la  densitometric  volumes  generated  from  scanned  autoradiographs  of  blotted 
and  hybridized  PCR  products  and  normalized  to  GAPDH. 


spleens.  After  sublethal  and  lethal  exposures,  lymphocyte 
counts  declined  at  5  min  and  8  and  24  h  to  99.3  ±  3.8,  69.5  ± 
11.0  and  66.9  ±  12.3,  respectively,  for  the  7.75-Gy  group  and 
96.8  ±  3.8,  69.3  ±  11.2,  and  56.5  ±  1.9,  respectively,  for  the 
9.75-Gy  group. 

DISCUSSION 

Interleukin-1  is  a  polypeptide  mediator  of  hematopoiesis 
and  is  involved  in  inflammation,  immunity,  and  tissue  and 
organ  differentiation  and  development  (9, 10).  Administer¬ 
ing  IL-1  either  before  or  after  life-threatening  radiation 
exposures  in  mice  has  been  shown  to  improve  survival  {11). 
Furthermore,  endogenous  IL-1  has  been  demonstrated  to  be 


critical  to  postirradiation  survival  based  on  the  detrimental 
effects  of  administration  of  anti-IL-1  receptor  antibody  both 
before  and  after  irradiation  (2, 12).  Lethal  effects  of  total- 
body  exposure  to  ionizing  radiation  in  these  studies  are 
manifest  as  damage  to  hematopoietic  tissues,  namely  the 
bone  marrow  and  the  spleen  in  the  mouse.  In  vivo  responses 
of  IL-la  mRNA  in  the  mouse  spleen  after  treatment  with 
lipopolysaccharide  (LPS)  have  been  documented  (73),  but 
they  have  not  been  observed  after  radiation  exposure.  In 
vitro  studies  in  Syrian  hamster  embryo  cells  have  demon¬ 
strated  that  mRNA  for  IL-1  can  be  induced  by  X  rays,  7 
rays  and  neutrons.  Patterns  of  IL-1  induction  by  these  three 
sources  were  similar,  becoming  evident  at  3  h  after  exposure 
and  decreasing  to  basal  levels  by  7  h  after  exposure  (3). 
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FIG.  3.  Panel  A:  Autoradiographic  image  of  RT-PCR  products  from  whole  spleens  of  control  mice  and  sublethally  (7.75  Gy)  and  lethally  (9.75 
Gy)  irradiated  mice  harvested  5  min  and  8  h  after  ^°Co  irradiation.  RNA  was  isolated,  reverse-transcribed  into  cDNA  and  amplified  with  IL-la  or 
GAPDH  specific  primers.  Panel  B:  Graphic  display  of  IL-la  densitometric  volumes  generated  from  scanned  autoradiographs  of  blotted  and 
hybridized  PCR  products  and  normalized  to  GAPDH. 


In  our  in  vivo  study,  we  have  demonstrated  an  accumula¬ 
tion  of  splenic  IL-la  message  and  an  up-regulation  of  IL-la 
protein  production  after  sublethal  and  lethal  exposure  to 
total-body  ionizing  radiation.  The  accumulation  of  IL-la 
mRNA  at  these  doses  was  dependent  on  the  time  and  radia¬ 
tion  dose  within  the  first  24  h  after  ^Co  irradiation,  whereas 
the  up-regulation  of  protein  was  dependent  only  on  time. 
Contrary  to  our  finding,  Ishihara  et  al  (6)  detected  elevated 
accumulations  of  only  IL-ip  in  whole  spleens  after  exposure 
to  ionizing  radiation.  Explanations  for  this  discrepancy  may 
in  part  be  that  (1)  IL-ip,  at  least  in  some  systems,  predomi¬ 
nates  over  IL-la,  and  (2)  they  used  Northern  analysis  for 
message  detection  rather  than  RT-PCR,  a  more  sensitive 
technique  for  detecting  low  copy  numbers  of  message.  Com¬ 


pared  to  the  in  vitro  observations  noted  above  (5),  our  in 
vivo  responses  were  more  prolonged.  This  difference  may  be 
attributed  to  possible  continued  or  secondary  stimulation  of 
production  of  IL-1  in  splenic  cells  in  vivo  through  either  local 
paracrine  or  endocrine  stimulation  or  through  systemic  stim¬ 
ulation  associated  with  radiation  damage.  Longer-term 
experiments  in  our  laboratory  have  documented  elevated 
levels  of  IL-la  mRNA  within  the  spleen  beyond  day  10  after 
sublethal  irradiation  (Baker,  unpublished  data,  1991).  The 
effect  of  radiation  damage  may  also  be  responsible  in  part  for 
the  graded  increased  accumulations  of  IL-la  message  in 
spleens  of  sublethally  compared  to  lethally  exposed  animals. 

It  could  be  argued  that  the  increased  levels  of  message 
specific  for  IL-la  observed  in  our  study  may  result  from  a 
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FIG.  4.  Levels  of  IL-la  protein  determined  in  (panel  A)  whole  spleens  and  (panel  B)  spleen  cell  suspensions  from  control  mice  and  from  sub- 
lethally  (7,75  Gy)  and  lethally  (9.75  Gy)  irradiated  mice  5  min  and  8  h  after  “Co  irradiation.  IL-la  was  measured  by  ELISA.  Each  data  point  repre- 
sents  the  mean  ±  standard  error  of  values  obtained  from  at  least  two  observations. 


selective  concentration  of  splenic  cells  capable  of  producing 
IL-la,  if  these  cells  were  more  radioresistant  than  other  cells 
within  the  spleen.  It  is  possible  that  some  relatively  radiore¬ 
sistant  lymphocytes  may  be  responsible  for  production  of  a 
fraction  of  the  IL-la  measured  {14)\  a  greater  portion  of  the 
IL-la  message  and  protein  measured  is  likely  produced  by 
macrophages,  as  has  been  demonstrated  by  in  situ  hybridiza¬ 
tion  in  splenic  red  pulp,  marginal  zone  and  white  pulp  in 
normal  mice  and  in  mice  after  administration  of  LPS  (75, 
16),  Although  concentration  of  these  populations  may 
occur,  we  suggest  that  it  is  not  the  only  mechanism  account¬ 
ing  for  increased  IL-la  mRNA  postirradiation. 

The  normal  mouse  spleen,  unlike  most  mammalian 
spleens,  is  an  actively  hematopoietic  organ  and  a  lymphoid 
organ  as  well.  According  to  differential  counts,  lymphocytes 
constitute  approximately  97%  of  the  splenic  cellularity  of 


B6D2Fi  mice  after  sublethal  or  lethal  ^^Co  total-body  irra¬ 
diation,  splenic  cellularity  is  significantly  reduced  to  approx¬ 
imately  V3  and  Vio  of  normal  by  8  and  24  h,  respectively. 
Based  on  differential  counts,  and  corroborated  at  24  h  by 
FACS  data  in  C3H/HeN  mice  (77),  these  changes  reflect  an 
absolute  decrease  in  lymphocytes  to  V5  and  V20  of  normal 
levels  by  the  same  respective  times.  With  reduction  of  cellu¬ 
larity  by  8  h  to  V5  of  normal,  even  if  all  remnant  cells  were 
constitutively  producing  IL-la,  concentration  could 
account  for,  at  maximum,  only  a  5-fold  increase  in  IL-1 
message.  Since  we  observed  9.1-  to  11.4-fold  increases  in 
our  PCR  signal  8  h  postirradiation,  cell  concentration  alone 
does  not  appear  to  explain  these  changes.  Additionally,  the 
cellularity  at  8  h  and  whole  spleen  RNA  yields  for  sub- 
lethally  and  lethally  irradiated  mice  were  comparable,  while 
at  8  h,  IL-la  mRNA  levels  differed  significantly. 


TABLE  I 

Mean  Splenic  RNA  Concentration  and  Cellularity  in  Sublethally  and  Lethally  ^®Co-Irradiated  Mice 


^®Co  irradiation 

Time  after 

7.75  Gy 

9.75  Gy 

Control  mice 

irradiation 

(sublethal) 

(lethal) 

RNA  concentration  (pg) 

375.4  ±  27.4 

5  min 

318.6  ±61.0 

374.7  ±  30.5 

8h 

247.3  ±  24.5'’ 

238.3  ±  48.0“ 

24  h 

152.7  ±  15.3“ 

122.3  ±  13.1“ 

Cellularity  (X  10^) 

146.2  +  4.6 

5  min 

138.1  ±  5.9 

144.5  ±  7.3 

8h 

50.2  ±  3.3“ 

47.0  ±  4.4“ 

24  h 

17.5  ±  0.73“'^ 

12.6  ±  0.4“ 

'’Significantly  less  than  normal  {P  <  0.04). 

^Significantly  greater  than  9,75  Gy,  24  h  observation  {P  <  0.0001). 
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Considering  another  factor  that  might  concentrate  mes¬ 
sage  specific  for  IL-la  in  our  system,  the  0.5-pg  samples 
amplified  by  PCR  represent  0.20, 0.21  and  0.13%  of  the  total 
splenic  RNA  isolated  from  the  7.75  and  9.75  Gy-irradiated 
mice  and  controls,  respectively.  These  figures  represent  con¬ 
centrations  1.5-  and  1.6-fold  higher  than  normal  levels  and 
again  are  not  representative  of  the  increases  in  IL-la  mes¬ 
sage  observed  in  samples  at  8  h  postirradiation,  even  when 
combined  with  the  above  estimates  of  concentration. 

We  therefore  interpret  these  data  to  suggest  that  the 
majority  of  the  change  in  IL-la  specific  mRNA  may  be  due 
to  mechanisms  over  and  above  mere  concentration  of  cells, 
such  as  increased  IL-la  transcription  and/or  stabilization  of 
IL-la  transcripts.  Previous  studies  have  reported  self- 
induced  accumulation  of  IL-1  mRNA  in  endothelial  cells 
and  fibroblasts  post-transcriptionally  by  stabilizing  RNA 
through  activation  of  ribonuclease-inhibiting  activity  {18). 
Additional  in  vitro  data  have  demonstrated  that  ionizing 
radiation  increases  levels  of  steady-state  GM-CSF,  IL-6  and 
IL-1  (3  RNAs  in  CHU-2  and  GCT  cells  (79)  and  levels  of 
TNF  RNAs  in  human  myeloid  leukemia  cells  and  peripher¬ 
al  blood  monocytes  {20). 

Regarding  our  data  for  the  levels  of  IL-la  protein, 
although  we  detected  increased  levels  in  whole  spleens,  they 
were  only  three-  to  fourfold  above  control  levels.  Thus, 
although  IL-la  message  may  stabilize  and  accumulate  with¬ 
in  this  system,  translation  may  not  be  similarly  increased. 

In  conclusion,  we  have  demonstrated  in  vivo  accumula¬ 
tions  of  IL-la  mRNA  in  a  time-  and  dose-dependent  man¬ 
ner  in  the  mouse  spleen  after  sublethal  and  lethal  exposures 
to  7  radiation.  Elevated  IL-1  protein  levels  were  likewise 
observed  to  be  dependent  on  time,  although  the  levels  of 
protein  expression  were  1.5  to  2  magnitudes  less  than  mes¬ 
sage  accumulation.  This  apparent  uncoupling  of  transcrip¬ 
tion  and  translation  reinforces  the  need  to  examine  the  pro¬ 
duction  of  protein  as  well  as  message  in  such  studies.  Selec¬ 
tive  concentration  of  IL-la-producing  cells  alone  or  other 
possible  sources  of  bias  considered  do  not  appear  to 
account  for  the  magnitude  of  the  change  observed  in  levels 
of  IL-la  mRNA  in  the  mouse  spleen  in  our  in  vivo  system, 
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The  effects  of  a  myeloablative  sublethal  775  cGy  ^Co  gamma 
radiation  exposure  on  endogenous  bone  marrow  (BM)  and 
splenic  granulocyte-macrophage  colony-stimulating  factor 
IGM-CSF)  and  transforming  growth  factor-/?  (TGF-/3)  mRNA 
levels  were  assayed  in  B^DzFi  female  mice.  BM  and  spleen 
were  harvested  from  normal  mice  and  irradiated  mice  on 
days  2, 4, 7, 10,  and  14  after  exposure.  Cytokine  mRNA  levels 
were  determined  using  reverse  transcription-polymerase 
chain  reaction.  After  irradiation,  GM-CSF  mRNA  levels  were 
significantly  increased  in  the  BM  from  days  2  to  10  and  in 
the  spleen  from  days  4  to  10.  However,  when  BM  and  splenic 
GM-CSF  protein  levels  were  measured  using  Western  dot 


The  bone  marrow  (BM)  and  the  spleen  have  been 
recognized  as  important  hematopoietic  organs  in  the 
mouse  containing  both  multipotential  stem  cells  and  a  variety 
of  committed  progenitor  cells.  It  is  known  that  endogenously 
produced  cytokines  regulate  hematopoietic  stem  and  progen¬ 
itor  cell  proliferation,  differentiation,  and  function.  Granulo¬ 
cyte-macrophage  colony-stimulating  factor  (GM-CSF)  is  a 
hematopoietic  cytokine  with  a  specific  ability  to  stimulate 
proliferation  and  maturation  of  granulocyte  and  macrophage 
myeloid  cells.*  A  number  of  different  cell  types  are  able 
to  synthesize  and  release  GM-CSF,  such  as  macrophages, 
endothelial  cells,  fibroblasts  and  stromal  cells.^  Transforming 
growth  factor-/?  (TGF-/?)  is  a  multifunctional  cytokine  that 
has  the  ability  to  inhibit  or  stimulate  the  proliferation  of 
hematopoietic  progenitor  cells.  Goey  et  aF  showed  that  fem¬ 
oral  artery  infusion  of  TGF-/?i  into  normal  animals  partially 
inhibited  interleukin-3  (IL-3)- induced  colony-forming  unit- 
erythroid  (CFU-e)  and  completely  prevented  IL-3-induced 
colony-forming  unit-granulocyte,  erythroid,  monocyte,  meg¬ 
akaryocyte  (CFU-GEMM)  formation.  On  the  other  hand, 
Keller  et  aF  showed  that  TGF-/?  can  increase  the  differentia¬ 
tion  of  neutrophils  in  suspension  cultures  when  used  in  com¬ 
bination  with  GM-CSF  and  also  showed  that  the  same  com¬ 
bination  increases  granulocyte-macrophage  colony-forming 
cells  (GM-CFC)  in  5-fluorouracil -treated  BM.  This  cyto- 
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blot,  no  increased  protein  levels  were  detected.  Serum  GM- 
CSF  levels  were  likewise  unchanged.  Radiation  exposure  did 
not  affect  BM  or  splenic  TGF-/3  mRNA  levels  and  this  cyto¬ 
kine  Is  known  to  be  produced  by  cell  populations  similar  to 
those  that  produce  GM-CSF.  These  data  suggest  that  radia¬ 
tion  injury  to  hemopoietic  tissues  results  in  differential  ef¬ 
fects  on  GM-CSF  and  TGF-/3  mRNA  levels  and  that,  in  the 
case  of  GM-CSF,  increased  mRNA  levels  are  not  matched  by 
increased  protein  production. 

This  is  a  US  government  work.  There  are  no  restrictions  on 
its  use. 


kine  is  also  known  to  be  produced  by  a  number  of  different 
cell  types,  including  endothelial  cells,  monocytes,  fibro¬ 
blasts,  epidermis,  chondrocytes,  and  epithelial  cells. ^ 

In  in  vitro  systems,  expression  of  GM-CSF  mRNA  and 
production  of  GM-CSF  protein  have  been  shown  to  increase 
in  response  to  stimulation  with  chemical  and  physical  agents. 
In  the  MLA-144  T-cell  line,  which  does  not  exhibit  a  detect¬ 
able  basal  GM-CSF  mRNA  level,  an  increase  in  GM-CSF 
mRNA  level  was  detected  when  cells  were  stimulated  with 
phorbol  12-myristate  13-acetate.^  Murine  BM  cells  treated 
with  the  tumor-promoting  phorbol  ester  1 2-0-tetradecanoyI- 
phorbol- 13-acetate  (TPA)  and  lipopolysaccharide  (EPS) 
have  been  shown  to  exhibit  increased  levels  of  GM-CSF 
protein.^  Very  high  levels  of  TGF-/0  mRNA  were  also  shown 
to  be  induced  in  mouse  epidermal  cells  treated  with  TPA.® 
Furthermore,  increases  in  the  production  of  GM-CSF  protein 
have  been  observed  in  murine  long-term  BM  cultures^’ and 
in  spleen  cell  cultures**  after  in  vitro  irradiation.  Increases 
in  the  production  of  TGF-/?  protein  have  also  been  found  in 
rabbit  lung  alveolar  macrophage  cell  cultures  after  irradia¬ 
tion.*^  Using  a  murine  radiation  model  in  which  a  high  suble¬ 
thal  radiation  exposure  was  used  to  induce  severe  hematopoi¬ 
etic  hypoplasia,  we  have  evaluated  the  effects  of  radiation 
on  endogenous  GM-CSF  and  TGF-/?  mRNA  levels  in  vivo. 

MATERIALS  AND  METHODS 

Mice.  B6D2F1  female  mice  (approximately  20  g)  were  purchased 
from  Jackson  Laboratories  (Bar  Harbor,  ME).  Mice  were  maintained 
in  a  facility  accredited  by  American  Association  for  the  Accredita¬ 
tion  of  Laboratory  Animal  Care  (AAALAC)  in  Micro-Isolator  cages 
on  hardwood-chip  contact  bedding  and  were  provided  commercial 
rodent  chow  and  acidified  water  (pH  2.5)  ad  libitum.  Animal  rooms 
were  equipped  with  full-spectrum  light  from  0600  to  1800  hours 
and  were  maintained  at  21°C  ±  TC  and  50%  ±  10%  relative  humid¬ 
ity  with  at  least  10  air  changes  per  hour  of  100%  conditioned  fresh 
air.  On  arrival,  all  mice  were  tested  for  Pseudomonas  and  quaran¬ 
tined  until  test  results  were  obtained.  Only  healthy  mice  were  re¬ 
leased  for  experimentation.  All  animal  experiments  were  approved 
by  the  Institute  Animal  Care  and  Use  Committee  before  they  were 
performed. 

Irradiation.  The  ^Co  source  at  the  Armed  Forces  Radiobiology 
Research  Institute  (AFRRI)  was  used  to  administer  bilateral  total- 
body  gamma  radiation.  Mice  were  placed  in  ventilated  Plexiglas 
containers  and  sublethally  irradiated  at  a  dose  of  775  cGy.  Dosimetry 
was  performed  using  ionization  chambers  as  previously  described, 
with  calibration  factors  traceable  to  the  National  Institute  of  Stan- 
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dards  and  Technology.  Before  experiments  were  initiated,  the  dose 
rate  at  the  midline  of  an  acrylic  mouse  phantom  was  measured 
with  a  0.5-mL  tissue-equivalent  ionization  chamber  manufactured 
by  Exradin  (Lisle,  EL).  Before  each  experimental  irradiation,  the 
dose  rate  at  the  same  location  with  the  phantom  removed  was  mea¬ 
sured  with  a  50-mL  ionization  chamber  fabricated  at  AFRRI.  The 
ratio  of  these  two  dose  rates,  the  tissue-air  ratio  (TAR),  was  then 
used  to  ensure  delivery  of  the  midline  dose  desired  for  each  animal 
exposure.  The  TAR  in  these  experiments  was  0.96,  and  dose  varia¬ 
tion  within  the  exposure  field  was  less  than  3%. 

Cells  and  tissues.  Femurs  and  spleens  were  harvested  from  nor¬ 
mal  and  irradiated  mice  on  days  2,  4,  7,  10,  and  14  postirradiation 
after  euthanization  by  cervical  dislocation.  Tissues  from  3  to  7  mice 
were  pooled  to  obtain  sufficient  cells  for  each  specific  assay.  BM 
cells  were  flushed  from  femurs  with  3.0  mL  of  McCoy’s  5A  medium 
(Flow  Labs,  McLean,  VA)  containing  10%  heat-inactivated  fetal 
bovine  serum  (Hyclone  Labs,  Logan,  UT).  In  mRNA  and  protein 
studies,  spleens  were  homogenized  with  a  polytron  homogenizer. 
For  cell  culture  studies,  spleens  were  pressed  through  a  stainless 
steel  mesh  screen,  and  the  cells  were  washed  from  the  screen  with 
6.0  mL  of  McCoy’s  5 A  medium.  The  number  of  nucleated  cells  in 
the  BM  and  splenic  suspensions  was  determined  using  a  Coulter 
counter  (Coulter,  Hialeah,  ET.).  To  obtain  serum  from  normal  and 
irradiated  mice  on  days  2,  4,  8,  10,  14,  and  17  postexposure,  animals 
were  halothane-anesthesized  and  blood  was  drawn  by  cardiac  punc¬ 
ture  using  a  syringe  attached  to  a  20-gauge  needle. 

Reverse  transcription-polymerase  chain  reaction  (RT-PCR)  and 
Southern  blotting.  Total  RNA  was  extracted  from  BM  suspensions 
and  homogenized  spleens  using  the  RNAzol  method  (Tel-Test  Inc, 
Friendswood,  TX)  as  modified  from  Chomczynski  and  Sacchi.*^ 
RNA  concentrations  were  determined  spectrophotometrically  from 
absorbance  at  260  nm.  Total  RNA  of  each  sample  was  characterized 
by  ethidium  bromide  staining  of  agarose  gels  to  ensure  use  of  only 
intact  RNA.  Intact  total  RNA  was  reversely  transcribed  into  first- 
strand  cDNA,  which  was  then  amplified  using  PCR.  The  final  vol¬ 
ume  of  5  fih  RT  reaction  mixture  contained  0. 1  pg  BM  total  RNA 
or  0.5  pg  splenic  total  RNA;  50  mmol/L  Tris-HCl  (pH  8.3);  3  mmol/ 
L  MgCl2;  75  mmoI/L  KCl;  2.5  pg/mL  oligo(dT)i2.i8;  1  mmol/L 
each  of  dATP,  dGTP,  dTTP,  and  dCTP;  and  10  U  Moloney  murine 
leukemia  virus  RT.  The  reaction  mixture  for  RT  was  incubated  at 
37°C  for  1  hour  and  at  90°C  for  10  minutes  and  chilled  on  ice  for 
10  minutes.  The  PCR  primers  for  GM-CSF,  TGF-/3,  or  gTycliralde- 
hyde-3-phosphate  dehydrogenase  (GAPDH)  mRNA  were  purchased 
from  Clontech  Laboratories,  Inc  (Palo  Alto,  CA).  The  sequence  of 
primers  and  expected  product  size  are  described  in  Table  1.  The 
reaction  mixture  for  PCR  contained  5  ph  cDNA  template  from  the 
RT  reaction;  10  mmol/L  Tris-HCl  (pH  8.3);  50  mmol/L  KCI;  1.5 
mmol/L  MgCL;  0.8  mmol/L  each  of  dATP,  dGTP,  dTTP,  and  dCTTP; 
1.0  //mol/L  5'-primer;  1.0  /zmol/L  3'-primer;  and  1.25  U  Taq  DNA 
polymerase.  PCR  was  performed  with  a  DNA  Thermal  Cycler  (Per¬ 
kin  Elmer-Cetus,  Norwalk,  CT)  at  94°C  for  1  minute,  at  60°C  for  2 


Table  1.  Sequence  of  Amplimer  Set  for  Murine  Cytokines 


Cytokine 

Sequence 

Fragment 

(bp) 

GM-CSF 

5'-primer 

5'-TGTGGTCTACAGCCTCTCAGCAC-3' 

368* 

3'-primer 

5'-CAAAGGGGATATCAGTCAGAAAGGT-3' 

1964t 

TGF-^ 

5'-prlmer 

5'-TGGACCGCAACAACGCCATCTATGAGAAAACC-3' 

525 

3'-prinrier 

5'-TGGAGCTGAAGCAATAGTTGGTATCCAGGGCT-3' 

GAPDH 

5'-primer 

5'-CCATGGAGAAGGCTGGGG-3' 

195 

3'-primer 

5'-CAAAGTTGTCATGGATGACC-3' 

*  Spliced 
t  Unspitced. 


minutes,  and  at  72  °C  for  3  minutes  per  cycle  until  the  optimum 
number  of  cycles  was  reached.  The  amplified  products  were  electro- 
phoresed  in  a  1%  agarose  gel  in  the  presence  of  I  pg/mL  ethidium 
bromide,  transferred  onto  Nytran  membrane  (Schleicher  &  Schuell, 
Keene,  NH),  and  hybridized  with  ^^P-labeled  murine  GM-CSF, 
TGF-y0,  and  GAPDH  probes.  The  probes  were  ^-P-labeled  with  a 
nick-translation  commercial  kit  (Bethesda  Research  Laboratories, 
Gaithersburg,  MD).  The  steps  of  hybridization  were  as  follows.  Pre¬ 
hybridization  was  performed  in  a  solution  containing  50%  for- 
mamide  solution,  6x  SSC,  5X  Denhardt’s,  50  mmol/L  Tris,  100  pgf 
mL  salmon  sperm  DNA,  and  1%  sodium  dodecyl  sulfate  (SDS)  at 
42°C;  overnight  hybridization  was  performed  in  the  same  solution 
after  the  addition  of  its  respective  ^^P-Iabeled  cytokine  probe.  Subse¬ 
quently,  blots  were  washed  three  times  at  42°C  in  a  solution  con¬ 
taining  2x  SSC  and  0.5%  SDS  and  finally  at  62°C  in  a  solution 
containing  O.lx  SSC  and  0.1%  SDS  for  1  hour.  Autoradiography 
was  performed  at  -70°C  using  Kodak  XAR  film  (Eastman  Kodak, 
Rochester,  NY). 

GM-CFC  assay.  BM  and  splenic  hematopoietic  progenitor  cells 
committed  to  granulocyte  and/or  macrophage  development  were  as¬ 
sayed  using  a  double-layer  agar  GM-CFC  assay. Mouse  endotoxin 
serum  (5%  vol/vol)  was  added  to  feeder  layers  as  a  source  of  colony- 
stimulating  factors.  Colonies  (>50  cells)  were  counted  after  10  days 
of  incubation  in  a  3TC  humidified  environment  containing  5%  CO2. 
Triplicate  plates  were  cultured  for  each  cell  suspension,  and  experi¬ 
ments  were  repeated  three  times.  A  similar  procedure  was  used 
to  evaluate  colony-stimulating  activity  in  serum  from  normal  and 
irradiated  mice.  In  these  studies  5%  or  10%  (vol/vol)  of  test  serum 
was  added  to  the  feeder  layers  and  cultured  with  5  X  10'*  normal 
BM  cells  as  the  target  population.  Both  GM-CFC  colony  (>50  cells) 
and  cluster  (<50  cells)  formation  was  evaluated. 

GM-CSF  protein  assays.  BM  and  splenic  GM-CSF  protein  were 
assayed  using  the  Western  dot  blot  technique.  BM  single-cell  suspen¬ 
sions  and  splenic  homogenates  were  placed  on  ice  and  disrupted  by 
5  seconds  of  sonication  (Heat  Systems  Cell  Disrupter  with  Microtip, 
Farmingdale,  NY).  The  method  of  Bradford*^  was  used  to  determine 
protein  concentrations.  A  modification  of  the  method  of  Hawkes  et 
al*^  was  used  to  determine  the  relative  amounts  of  GM-CSF  in  the 
cell  homogenates.  Briefly,  10  of  total  cellular  protein  was  blotted 
onto  a  0.45-/zm  nitrocellulose  membrane  (Schleicher  &  Schuell)  for 
1  hour  using  a  dot  blotting  apparatus  (Bethesda  Research  Labora¬ 
tories).  After  blocking  the  nitrocellulose  by  incubation  for  60  minutes 
at  room  temperature  with  phosphate-buffered  saline  (PBS)  con¬ 
taining  5%  nonfat  dried  milk,  the  blot  was  incubated  overnight  at 
4°C  with  a  goat  polyclonal  antibody  against  recombinant  murine 
GM-CSF  (R  &  D  Systems,  Minneapolis,  MN)  at  10  pg/mL  in  PBS/ 
5%  bovine  serum  albumin  (BSA)  containing  0.1%  thimerosal.  The 
blot  was  washed  three  times  (10  minutes  each)  in  PBS/0. 1%  Tween- 
20  before  incubating  for  60  minutes  at  room  temperature  with  a 
l,000x  dilution  of  rabbit  antigoat  IgG  horseradish  peroxidase  conju¬ 
gate  (Sigma,  St  Louis,  MO)  in  1%  gelatin.  The  blot  was  then  washed 
six  times  (5  minutes  each)  in  PBS/0. 1%  Tween-20  before  detection 
of  the  peroxidase  activity  using  the  substrate  4-chloro-l-naphthol 
(Sigma)  in  the  presence  of  hydrogen  peroxide.  After  completion  of 
the  color  reaction,  the  blots  were  washed  with  distilled  water  and 
dried.  Serum  GM-CSF  protein  was  measured  using  a  commercial 
enzyme-linked  immunosorbent  assay  (ELISA)  kit  (Endogen,  Inc, 
Boston,  MA).  Sera  obtained  from  10  normal  or  irradiated  mice  were 
pooled  for  use  in  this  assay.  Assays  were  performed  according  to 
the  manufacturer’s  instructions  after  twofold  dilution  of  the  sera 
using  the  standard  diluent  supplied  with  the  kit. 

Quantitation.  Each  sample’s  densitometric  volume  was  measured 
using  a  scanning  laser  densitometer  (Model  300B;  Molecular  Dynamics, 
Sunnyvale,  CA)  by  measuring  the  gray  density  of  the  entire  PCR 
product  band  in  each  lane  or  color  intensity  of  dot  blot  in  each  well. 
The  images  were  analyzed  using  ImageC^uant  software  version  3.2 
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BM  (C)  and  spleen  (D)  in  normal  (N)  and  irradiated  mice  at  days  1,  10, 14,  17,  and  21  after  775  cGy  ^Co  gamma  exposure.  Data  represent  the 
mean  ±  SEM  of  values  obtained  from  three  experiments.  *P  <  .05  with  respect  to  normal  control  values. 


(Molecular  Dynamics),  which  was  supplied  with  the  densitometer.  PCR 
product  and  protein  comparisons  were  then  based  on  relative  expression 
differences  between  irradiated  and  control  samples. 

Statistics,  f-tests  were  used  to  analyze  all  data.  Data  from  mRNA 
and  protein  experiments  are  expressed  as  a  percentage  of  the  control 
value  for  each  experiment  (ie,  percentage  of  normal).  Data  were 
then  log  transformed  before  calculating  means  and  standard  errors 
and  Mests  were  performed  (in  log  units)  comparing  each  mean  with 
100%  (normal  controls).  All  P  values  were  Bonferroni  corrected.  P 
values  of  less  than  .05  were  considered  to  be  statistically  significant. 

RESULTS 

Radiation-induced  changes  in  cellularity.  Changes  in 
BM  and  splenic  cellularity  after  radiation  are  illustrated  in 
Fig  lA  and  B.  The  number  of  BM  cells  at  days  2  and  4 
decreased  to  approximately  5.8%  and  3.0%  of  control  mice, 
respectively.  On  subsequent  days,  a  gradual  recovery  toward 
normal  levels  was  observed;  however,  even  at  day  21  postir¬ 
radiation,  BM  cell  numbers  recovered  to  only  41.2%  of  nor¬ 
mal  controls.  In  the  spleen,  cellularity  decreased  to  13.3% 
of  control  values  by  day  2  postirradiation  and  remained  at 
approximately  this  level  through  day  10.  However,  between 
days  14  and  17  a  dramatic  recovery  to  normal  levels  occurred 
and  progressed  to  supranormal  levels  at  day  21  (156%  of 
control  values). 

Radiation- induced  changes  in  GM-CFC  progenitor  cells. 


After  irradiation,  dramatic  decreases  in  the  number  of  GM- 
CFC  progenitor  cells  in  the  BM  and  the  spleen  also  occurred 
(Fig  1C  and  D).  BM  GM-CFC  numbers  were  reduced  to 
almost  undetectable  levels  by  day  7;  by  day  21  postirradia¬ 
tion,  they  had  recovered  to  only  9.6%  of  normal.  Splenic 
GM-CFC  numbers  were  also  reduced  to  almost  undetectable 
levels  by  day  7;  however,  between  days  14  and  17  a  dramatic 
recovery  to  normal  GM-CFC  levels  occurred  that  overshot 
normal  levels  by  5.8-fold  on  day  21  postirradiation. 

Ejfects  of  radiation  on  GM-  CSF  mRNA  levels.  Autoradio¬ 
graphs  of  RT-PCR-amplified  GM-CSF  mRNA  transcripts 
of  BM  and  spleen  from  one  representative  experiment  are 
shown  in  Fig  2.  The  average  relative  GM-CSF  mRNA  levels 
obtained  from  four  BM  experiments  and  three  spleen  experi¬ 
ments  are  shown  in  Fig  3.  BM  GM-CSF  mRNA  levels  were 
significantly  increased  by  day  2  and  remained  elevated 
through  day  10  postirradiation.  By  day  14,  BM  GM-CSF 
mRNA  levels  had  decreased  to  within  the  normal  range. 
GM-CSF  mRNA  levels  in  the  spleen  were  also  significantly 
increased  from  day  4  to  day  10  and  also  returned  to  normal 
levels  by  day  14  postirradiation.  GAPDH  mRNA  levels  were 
measured  by  simultaneous  RT-PCR  of  aliquots  of  RNA  from 
each  specimen  (data  not  shown).  GAPDH  mRNA  levels  did 
increase  significantly  to  about  2.5  times  normal  at  day  4  and 
7  after  irradiation,  but  correction  for  these  changes  failed  to 
explain  the  larger  increases  in  GM-CSF  transcript  levels. 
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Fig  2.  Representative  autora¬ 
diographs  of  RT-PCR-amplified 
mRNA  transcripts  of  GM-CSF 
and  TGF-^  In  BM  (A)  and  spleen 
(B)  of  normal  mice  (N)  and  of  irra¬ 
diated  mice  on  days  2,  A,  1,  10, 
and  14  after  775  cGy  “Co  gamma 
radiation  exposure.  Each  blot 
represents  only  one  of  three  or 
four  experiments  performed  for 
each  gene  in  each  tissue. 

Effects  of  radiation  on  TGE-fi  mRNA  levels.  Autoradio¬ 
graphs  of  RT-PCR-amplified  TGF-/?  mRNA  transcripts  of 
BM  and  spleen  from  one  representative  experiment  are  also 
shown  in  Fig  2.  The  average  relative  TGF-^  mRNA  levels 
obtained  from  three  BM  and  spleen  experiments  are  shown 
in  Fig  4.  Compared  with  normal  controls,  no  significant 
differences  in  either  BM  or  splenic  TGF-/?  mRNA  levels 
were  detected  at  any  recovery  day  after  irradiation. 

Effects  of  radiation  on  GM-CSF  protein  production.  Be¬ 
cause  increased  GM-CSF  mRNA  levels  were  observed  after 
irradiation,  it  was  thought  that  GM-CSF  protein  levels  would 
also  be  increased.  Using  the  Western  dot  blot  technique, 
BM  and  splenic  GM-CSF  protein  levels  of  normal  mice  and 
irradiated  mice  on  days  2,  4,  7,  10,  and  14  postexposure  are 
shown  in  Table  2.  Surprisingly,  BM  and  splenic  GM-CSF 
protein  levels  were  not  significantly  different  from  normal 
controls  at  any  recovery  day  after  irradiation.  GM-CSF  levels 
were  also  evaluated  in  serum  from  normal  mice  and  irradi¬ 
ated  mice  on  days  2,  4,  8,  10,  14,  and  17  postexposure  using 
an  ELISA  assay  capable  of  detecting  down  to  3.9  pg/mL  of 
murine  GM-CSF.  In  this  assay,  serum  GM-CSF  protein  was 
also  not  detected  (data  not  shown).  However,  sera  from  irra¬ 
diated  mice  were  able  to  support  GM-CFC  colony  and  clus¬ 
ter  formation  to  a  much  greater  extent  than  normal  serum 
(Fig  5). 

DISCUSSION 

Hematopoietic  recovery  after  sublethal  myeloablative  in¬ 
jury  is  presumed  to  be  mediated  by  endogenously  produced 


hematopoietic  growth  factors.  In  this  study,  we  evaluated 
the  effects  of  a  sublethal  radiation  exposure  on  GM-CSF 
and  TGF-/?  mRNA  levels.  Because  increases  in  GM-CSF 
message  levels  were  detected,  GM-CSF  protein  levels  were 
also  evaluated.  To  perform  message  evaluations,  detection 
and  semiquantitation  for  GM-CSF  and  TGF-/?  mRNA  levels 
using  the  RT-PCR  method  and  Southern  blot  analysis  were 
established  using  as  little  as  0.1  pg  of  total  RNA.  This  was 
critical  for  evaluations  in  radiation  studies  in  which  cell 
numbers  and  RNA  concentrations  were  extremely  low  at 
days  2,  4,  and  7  postirradiation,  thus  obviating  the  use  of 
traditional  techniques  such  as  Northern  blot  and  RNase  pro¬ 
tection  assays. 

Significant  increases  from  basal  GM-CSF  mRNA  levels 
occurred  during  the  period  of  postirradiation  hematopoietic 
regeneration,  with  BM  responses  being  more  dramatic  than 
those  in  the  spleen.  At  days  2,  4,  7,  and  10  postirradiation, 
BM  GM-CSF  mRNA  levels  increased  approximately  11. 6-, 
12.1-,  16. 1-,  and  6.9-fold  over  normal  controls,  whereas 
splenic  GM-CSF  mRNA  levels  at  days  4,  7,  and  10  increased 
about  3.6-,  3.7-,  and  5.5-fold  over  normal  controls,  respec¬ 
tively.  By  2  weeks  after  irradiation,  GM-CSF  mRNA  levels 
in  both  tissues  had  returned  to  normal  levels. 

Because  it  was  not  until  day  14  or  later  that  significant 
BM  or  splenic  GM-CFC  recovery  was  detected  in  irradiated 
mice,  it  appeared  that  GM-CSF  mRNA  expression  preceded 
hematopoietic  regeneration.  However,  despite  the  increase 
in  the  levels  of  GM-CSF  mRNA  in  both  BM  and  spleen,  no 
increase  in  the  levels  of  GM-CSF  protein  in  BM,  spleen,  or 
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Fig  3.  BM  {A)  and  splenic  (B)  GM-CSF  mRNA  levels  in  normal  mice 
(N)  and  in  irradiated  mice  on  days  2,  4, 1.  10,  and  14  after  775  cGy 
^Co  gamma  exposure.  Data  are  presented  as  the  percentage  of  nor¬ 
mal  control  levels  and  represent  the  mean  ±  SEM  of  values  obtained 
from  four  BM  experiments  and  three  splenic  experiments.  <  .05 
with  respect  to  normal  control  values. 


serum  could  be  detected  using  Western  dot  blot  and  ELISA 
assays.  These  data  suggest  that  GM-CSF  mRNA  levels  have 
been  increased  after  irradiation  without  an  increase  in  protein 
production.  Using  human  monocytes  stimulated  with  recom¬ 
binant  C5a,  Geiger  et  aF®  have  shown  that  two  signals  are 
necessary  for  the  induction  of  IL-1/0:  one  signal  for  transcrip¬ 
tional  activation  and  another  signal  for  translational  activa¬ 
tion.  It  is  possible  that  a  similar  mechanism  is  used  for  GM- 
CSF  production.  It  is  also  possible  that  the  increases  in  GM- 
CSF  mRNA  levels  observed  in  our  experiments  were  due 
simply  to  message  stabilization.  After  irradiating  CHU-2  and 
GCT  cell  cultures,  Akashi  et  aF^  showed  that  the  levels  of 
GM-CSF  mRNA  in  these  cells  increased  at  least  partially  due 
to  stabilization  of  the  GM-CSF  mRNA  and  were  specifically 
associated  with  the  multiple  repeated  AUUUA  motif  found 
in  the  V  untranslated  region  of  the  GM-CSF  mRNA.  The 
lack  of  increased  GM-CSF  protein  production  after  irradia- 


Fig  4.  BM  (A)  and  splenic  (B)  TGF-/3  mRNA  levels  in  normal  mice 
(N)  and  in  irradiated  mice  on  days  2,  4,  7,  10,  and  14  after  775  cGy 
^Co  gamma  exposure.  Data  are  presented  as  the  percentage  of  nor¬ 
mal  control  levels  and  represent  the  mean  ±  SEM  of  values  obtained 
from  three  experiments. 

tion  in  our  studies  may  also  be  the  result  of  altered  posttran- 
scriptional  processing.  The  absence  of  high  molecular  weight 
RT-PCR  GM-CSF  products  (data  not  shown)  using  primers 
that  span  introns  rules  out  altered  splicing  mechanisms.  Simi- 


Table  2.  Effects  of  a  775  cGy  ^Co  Gamma  Radiation  Exposure  on 
BM  and  Splenic  GM-CSF  Protein  Levels  in  Mice 


Day  Postirradiation 

BM 

Spleen 

2 

100.6  i  1.6 

102.2  ±  1.2 

4 

100.3  ±  1.3 

101.8  ±  2.0 

7 

97.9  ±  2.5 

99.2  ±  1.2 

10 

102.3  ±  1.6 

97,9  ±  1.5 

14 

98.9  ±  2.6 

98.0  ±  0.9 

Results  are  from  densitometric  analyses  of  Western  dot  blot.  The 
values  of  GM-CSF  protein  are  expressed  as  a  percentage  of  normal 
control  values.  Data  represent  the  mean  ±  SEM  of  values  obtained 
from  three  experiments. 
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Days  Postirradiation 

Fig  5.  Colony-stimulating  activity  of  100  fiL  of  serum  from  normal 
(N)  and  irradiated  mice  on  days  2,  4,  8,  10,  14,  and  17  after  775  cGy 
^Co  gamma  radiation  exposure.  Total  GM-CFC  colony  and  cluster 
formation  (A)  versus  GM-CFC  colony  formation  (B).  Data  represent 
the  mean  ±  SEM  of  values  from  triplicate  plates  in  a  single  experi¬ 
ment. 


larly,  the  use  of  poly  dT  for  priming  of  the  reverse  tran¬ 
scriptase  reaction  indicates  that  proper  polyadenylation  of 
the  mRNA  has  taken  place.  Alternatively,  GM-CSF  protein 
may  be  produced  but  is  secreted  so  rapidly  that  intracellular 
pools  do  not  appear  to  change.  However,  if  that  were  the 
case,  it  is  likely  that  we  would  have  observed  increased 
levels  of  GM-CSF  in  the  sera  when  assayed  by  ELISA, 
which  we  did  not.  This  then  would  leave  the  remote  possibil¬ 
ity  that  the  secreted  GM-CSF  is  rapidly  bound  to  the  target 
cells  and  turned  over  in  a  manner  that  makes  it  undetectable 
by  the  assays  used.  Although  we  did  not  detect  GM-CSF 
proteins  in  the  serum  of  irradiated  mice  using  the  ELISA 
assay,  we  did  detect  colony-stimulating  activity  using  a  GM- 
CFC  bioassay.  However,  increases  in  the  levels  of  a  number 
of  other  cytokines  could  have  produced  this  effect  even  in 
the  absence  of  GM-CSF.^^'^^  Finally,  it  is  possible  that  GM- 
CSF  may  play  a  minor  role  in  the  postirradiation  recovery 
of  hematopoietic  cells.  Studies  by  Neta  et  aF^  evaluating  the 
radioprotective  effects  of  LPS  and  IL-1  in  the  mouse  have 
shown  that  treatment  with  GM-CSF  antibodies  does  not  det¬ 
rimentally  affect  LPS-  and  IL-1 -induced  hematopoietic  re¬ 
covery  and  mouse  survivability  after  irradiation. 

In  contrast  to  the  results  given  above,  we  observed  no 
change  in  the  levels  of  TGF-^  mRNA  in  either  the  BM  or 
the  spleen  after  irradiation  when  compared  with  unirradiated 
controls.  Because  both  GM-CSF  and  TGF-^  are  produced 


by  similar  cell  types,  these  results  suggest  that  the  observed 
increases  in  the  levels  of  GM-CSF  mRNA  in  both  BM  and 
spleen  after  irradiation  are  not  due  to  an  increase  in  the 
percentage  of  cells  producing  GM-CSF  in  these  organs  but 
rather  represent  a  genuine  increase  in  the  levels  of  mRNA 
present  in  the  cells.  Although  we  cannot  rule  out  the  level 
of  GM-CSF  mRNA  per  cell  remaining  constant  with  the 
level  of  TGF-y0  mRNA  decreasing,  we  consider  this  explana¬ 
tion  to  be  unlikely  given  the  nearly  identical  levels  of  TGF- 
P  in  the  control  and  experimental  cell  populations  and  the 
known  effects  of  increased  stability  of  GM-CSF  mRNA  after 
irradiation  in  in  vitro  studies. 

In  conclusion,  we  have  shown  that  ( 1 )  using  RT-PCR  we 
can  detect  quantitative  changes  in  the  levels  of  GM-CSF 
mRNA  but  not  TGF-/3  mRNA  in  the  BM  and  spleen  of 
irradiated  mice  relative  to  unirradiated  mice;  (2)  the  changes 
observed  in  the  levels  of  GM-CSF  mRNA  vary  in  a  tissue- 
and  time- specific  manner;  and  (3)  the  levels  of  GM-CSF 
protein  in  the  BM,  spleen,  and  serum  do  not  appear  to  in¬ 
crease  after  sublethal  irradiation  relative  to  controls. 
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Abstract.  High  doses  of  radiation  induce  septicaemia,  from 
bacterial  translocation,  and  death  in  animals.  Mice  were  exposed  to 
either  comparable  lethal  (Zi)^o/3o)  or  sublethal  {Zi)o/3o)  doses  of 
mixed-field  [n/(n -f- y)  =  0-67]  or  pure  ®®Go  y-photon  radiation. 
The  relative  biological  effectiveness  of  these  comparable  doses  of 
radiation  was  1-82,  determined  by  probit  analysis.  Mice  given  a 
lethal  dose  of  mixed-field  radiation  developed  a  significant 
(/?<  O-Ol),  10^-fold  increase  in  Gram-negative  facultative  bacteria 
in  their  ilea  over  values  in  control  mice.  In  contrast,  mice  given  a 
lethed  dose  of  y-photon  radiation  developed  a  significant  (p  <  0-01) 
increase  in  only  Gram-positive  bacteria  in  their  ilea,  while  the 
number  of  Gram-negative  bacteria  remained  near  values  in  control 
mice.  Data  correlated  with  bacteria  that  were  isolated  and  identified 
from  the  livers  of  mice  that  were  given  comparable  lethal  doses 
(Zi)9g/3o)  of  mixed-field  or  y-photon  radiation.  In  sublethally 
irradiated  mice,  fluctuation  in  the  total  number  of  bacteria  was 
detected  in  their  ilea  during  the  first  week  following  irradiation,  after 
which  the  number  approximated  the  value  in  control  mice. 
This  difference  in  the  predominant  facultative  bacteria  in  ilea 
resulting  from  different  qualities  of  radiation  has  important 
implications  for  the  treatment  of  septicaemic-irradiated  hosts, 

1  •  Introduction 

Exposure  to  neutron  or  y-photon  radiation  results  in 
an  antimicrobial  defense  system  compromised  severely 
enough  to  lead  to  sepsis  and  death  (Lawrence  and 
Tennant  1937,  Miller  et  aL  1951,  Vogel  et  ai  1954, 
Ledney  et  ai  1991).  Bacterial  microflora  of  the  intestine 
are  probably  responsible  for  septicaemia  in  irradiated 
animals  (Miller  et  ai  1951,  Guzman-Stein  et  ai  1989) 
and  in  animals  subjected  to  other  forms  of  stress, 
including  burns  (Berg  1992)  and  wound  trauma 
(Ledney  et  aL  1991).  Although  Miller  et  ai  (1951) 
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suggested  that  the  caecum  is  the  probable  source  of 
bacteraemia  after  X-irradiation  (600  r)  in  mice,  Vincent 
et  al.  (1955)  found  the  major  source  in  X-irradiated 
(650  r)  rats  was  the  small  intestine,  indicated  by  the 
parallel  between  the  quantity  and  kind  of  bacteria  in 
the  small  intestine  and  the  quantity  and  kind  in  their 
bacteraemic  samples.  The  number  of  bacteria  that 
translocate  systemically  in  unirradiated  animals,  as 
measured  by  appearance  of  bacteria  in  the  mesenteric 
lymph  nodes,  is  directly  related  to  the  numbers  of 
intestinal  bacteria  (Wells  1988,  Ledney  a/.  1991). 

In  recent  studies  of  qualitative  microbiology  in 
B6D2F1  and  C3H/HeN  mice,  the  cause  of  sepsis 
correlated  with  the  quality  of  radiation  to  which  they 
were  exposed  (Brook  et  al.  1993,  Ledney  et  al  1994). 
Specifically,  mixed-field  irradiation  [n/(n  +  y)  =  0*67] 
resulted  in  predominantly  Gram-negative  sepsis, 
whereas  ®^Co  y-photon  irradiation  resulted  in  sepsis 
from  predominantly  Gram-positive  bacteria  (Ledney 
et  al  1994).  However,  the  sources  of  translocating 
bacteria  following  different  types  of  radiation  exposure 
were  not  studied.  In  the  present  work,  we  determine  the 
numbers  and  identities  of  predominant  genera  of  the 
bacteria  found  in  the  ilea  of  B6D2F1/J  mice  following 
exposure  to  mixed-field  and  y-photon  radiation. 

The  results  corroborated  previous  and  concurrent 
studies.  We  found  that  lethal  mixed-field  irradiation 
leads  to  significant  increases  in  the  number  of  both 
Gram-negative  and  -positive  enteric  bacteria  in  the 
ileum,  whereas  lethal  y-photon  irradiation  results  in 
marked  increases  in  the  number  of  only  Gram-positive 
enteric  bacteria  in  the  ileum. 

2.  Materials  and  methods 

2.1.  Animals 

Research  was  conducted  in  a  facility  accredited  by 
the  American  Association  for  Accreditation  of 
Laboratory  Animal  Care.  All  procedures  involving 
animals  were  reviewed  and  approved  by  our 
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institutional  animal-care-and-use  committee.  Two 
shipments  of  female,  B6D2F1/J  mice  {Mus  musculus), 
9~10  weeks  of  age,  were  obtained  from  Jackson 
Laboratories  (Bar  Harbor,  ME)  1  year  apart.  (There 
may  be  slight  differences  in  sensitivity  of  mice  in 
different  shipments  to  radiation.)  The  mice  were  held 
in  quarantine  for  2  weeks.  Representative  samples 
were  examined  by  microbiology,  serology,  and 
histopathology  to  assure  the  absence  of  specific  bacteria, 
particularly  Pseudomonas  aeruginosa,  and  common  murine 
diseases.  Up  to  10  mice  were  housed  in  sanitized 
46X24X  15-cm  polycarbonate  boxes  with  a  filter 
cover  (Microlsolator,  Lab  Products,  Inc.,  Maywood, 
NJ,  USA)  on  hard- wood-chip  bedding.  The  animal 
holding  rooms  were  maintained  at  approximately  70°F 
and  50%  (±10%)  relative  humidity  with  a  12-h 
light/dark,  full-spectrum  lighting  cycle.  Conditioned 
fresh  air  was  changed  at  least  10  times  per  h.  The  mice 
were  given  feed  (Wayne  Lab  Blox,  Continental  Grain 
Co.,  Chicago,  IL,  USA)  and  acidified  (pH  2*5)  water 
freely,  and  were  used  when  19-20  weeks  of  age. 

2.2.  Irradiation 

2.2.1.  Mixed-field  irradiation.  Mice  (shipment  1)  were 
exposed  to  mixed  fission-neutron  and  y-photon 
raiation  in  an  exposure  room  of  the  AFRRI  TRIGA 
Mark-F  reactor.  We  document  in  the  Appendix  the 
current  detailed  characteristics  and  dosimetry  because 
they  have  not  been  published  in  full.  Mice  were  placed 
in  well-ventilated  aluminum  holders  that  rotated  at  a 
speed  that  was  no  greater  than  l-5rpm.  Mice  were 
arranged  in  an  arc  225  cm  from  the  wall  lobe  and 
120  cm  above  the  exposure  room  floor.  Rotation 
assured  that  the  depth-dose  distribution  was  as  uniform 
as  possible  to  allow  an  optimal  comparison  with  a 
bilateral  photon  irradiation.  All  doses  were  at  midline 
tissue  (MLT).  At  the  position  of  irradiation,  the 
measured  ratio  of  the  neutron  dose  to  the  total  dose 
(neutron  plus  y)  was  n/(n  ±  y)  =  0*67,  delivered  at  a 
nominal  dose  rate  of  40cGy/min  MLT.  The 
uniformity  of  the  radiation  field  was  within  3%  of  the 
dose  at  the  center  of  the  array. 

To  study  colonization  of  bacteria  in  the  terminal 
ileum,  70  mice  received  350  cGy  (Zi)o/3o)  and  70  mice 
received  535  cGy  (Zi)9o/3o).  Twenty  mice  were 
separated  from  the  two  groups  and  observed  for  30  days 
to  record  survival. 

2.2.2.  Gamma  irradiation.  Mice  (shipment  2)  were 
placed  in  ventilated  acrylic  plastic  boxes  and  exposed 
bilaterally  to  y-photon  radiation  in  the  AFRRI  ^®Co 
Whole-body  Irradiation  Facility  (Carter  and  Verrelli 
1973).  The  boxes  were  designed  to  minimize  the  air  gap 
between  the  mouse  and  the  plastic  and  were  placed  on 


a  stationary  platform.  The  MLT  dose  rate  for  mice 
was  measured  before  irradiation  of  animals  under 
conditions  that  were  identical  to  those  for  irradiating 
mice  by  placing  a  0*5-cm^  tissue-equivalent  ionization 
chamber  in  the  center  of  a  2*5-cm  diameter,  cylindrical, 
acrylic  mouse  phantom  at  a  known  distance  from  the 
^®Co  source.  The  ratio  of  the  dose-rate  measured  in  the 
phantom  to  the  dose-rate  in  free  air,  for  this  array,  was 
0-98.  Exposure  time  was  adjusted  so  that  animals 
received  the  desired  dose  at  a  nominal  dose-rate  of 
40  cGy/min.  Variation  of  dose  within  the  exposure  field 
was  <  3%.  The  average  energy  of  y  photons  was 
L25MeV.  The  techniques  used  for  these 
measurements  were  performed  in  accordance  with  the 
protocol  of  the  American  Association  of  Physicists  in 
Medicine  for  the  determination  of  absorbed  dose  from 
high-energy  photon  and  electron  beams  (American 
Association  of  Physicists  in  Medicine  1983). 

To  study  colonization  of  bacteria  in  the  terminal 
ileum,  70  mice  received  700  cGy  (Zi)o/3o)  and  70  mice 
received  lOOOcGy  (ZDgo/so)-  Twenty  mice  were 
separated  from  each  group  and  observed  for  30  days  to 
record  survival. 

2.2.3.  Radiation  dose-responses.  Mice  were  given 
graduated  doses  of  mixed-field  or  y-photon  radiation  in 
order  to  determine  a  current  relative  biological 
effectiveness  {RBE)  and  biologically  comparable,  or 
isoeffective,  doses  of  the  two  qualities  of  radiation.  The 
current  ZZ)5o/3o  and  /i)9o/3o  for  the  B6D2F1/J  strain  of 
mouse  were  calculated  by  probit  analysis  (Finney  1978) 
from  complete  radiation  dose-response  mortality  data. 

2.3,  Tissues 

2.3.1.  Quantitation  of  bacteria  in  ileum.  Five  unirradiated 
mice  from  each  shipment  were  included  as  initial 
controls  at  day  0  without  apparent  difference  in 
microbiology  between  shipments.  On  postirradiation 
days  1,  3,  5,  7,  10,  12,  14,  17  and  21,  five  mice  from 
each  experimental  group  were  randomly  selected  and 
killed  by  cervical  dislocation.  The  ventral  surface  was 
rinsed  with  70%  ethanol;  the  peritoneal  cavity 
was  aseptically  opened;  and  5  cm  of  terminal  ileum  and 
contents  were  removed  and  weighed  to  the  nearest  mg. 
The  ilea  were  homogenized  individually  in  a  volume  of 
cold  0-9%  NaCl  solution  adequate  to  prepare  a  1 :5 
dilution  (w/v)  in  a  sterile  5-ml  Potter-Elvehjem  tissue 
homogenizer.  The  suspension  of  homogenate  was 
diluted  serially  and  dilutions  were  inoculated  with  a 
Spiral  Plater™  (Spiral  Systems,  Inc.,  Cincinnati,  OH, 
USA)  on  to  Columbia  Sheep  Blood  Agar  (SBA), 
Phenylethyl  Alcohol  Agar  (PEA),  and  MacConkey’s 
Agar  (MAC)  (BBL,  Cockeysville,  MD,  USA).  Total 
numbers  of  facultative  bacteria  were  counted  on  SBA. 
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PEA,  which  minimizes  the  growth  of  Gram-negative 
bacterial  colonies,  was  used  to  enumerate  Gram-positive 
bacteria,  MAC,  which  inhibits  the  growth  of 
Gram-positive  bacteria,  was  used  to  enumerate 
Gram-negative  bacteria.  Cultures  were  incubated  for 
24  h  at  35°C  in  5%  CO2.  After  counting  of  colonies  in 
the  spiral  growth,  the  predominant  facultative  colonies 
were  identified  with  a  Vitek  Jr  automated  system  (Vitek 
Systems,  Inc.,  Hazelwood,  MO,  USA). 

2.4.  Data  analysis 

The  numbers  of  colonies  of  the  two  predominant 
morphologies  on  each  medium  per  mg  tissue  were 
calculated.  The  geometric  means  and  standard  errors 
of  the  means  were  calculated  from  log-transformed 
data,  compared  by  ^test,  and  plotted  graphically  for 
each  experimental  set  of  five  mice.  The  mass  of  excised 
ileum  in  these  experiments  varied  from  170  to  416  mg 
in  unirradiated  mice,  from  156  to  312  mg  in 
y-irradiated  mice,  and  from  162  to  403  mg  in 
mixed-field-irradiated  mice. 

3.  Results 

3.1.  Enumeration  and  ident^cation  of  bacteria  in  the  terminal 
ileum 

Quantitative  and  qualitative  changes  in  the  intestinal 
microflora  were  determined  in  mice  that  were 
irradiated  with  comparable  lethal  and  sublethal  doses 
of  mixed-field  and  y-photon  radiation.  Figure  1 
illustrates  the  numbers  of  bacteria  isolated  on  PEA 
(Gram-positive)  and  MAC  (Gram-negative).  Figure  2 
illustrates  the  total  numbers  of  bacteria  on  SB  A  from  the 
mixed-field-  and  y-photon-irradiated  mice.  Table  1 
shows  the  predominant  species  found  on  each  culture 
day.  The  facultative  ileal  microorganisms  in  five  control 
mice  from  the  two  shipments  were  sufficiently  similar  in 
species  and  numbers  at  day  0  (Table  1).  A  10-fold 
difference  in  numbers  of  Gram-negative  bacteria 
between  the  two  control  groups  on  day  0  seems 
negligible,  when  considering  the  overlap  of  standard 
errors  of  the  means  and  the  preponderate  range  of 
biological  difference  from  day  0  that  was  observed  later 
in  irradiated  mice  (Figure  1). 

The  number  of  Gram-negative  microorganisms  from 
ilea  that  grew  on  MAC  increased  continuously  through 
day  12  following  a  lethal  dose  of  535  cGy  mixed-field 
radiation  (Cox  and  Stuart  test  for  trend,  p  =  0*0156; 
Figure  lA).  A  definite  shift  towards  predominance  of 
Gram-negative  bacteria  began  on  day  3  that  continued 
to  day  1 2.  A  straight-line  regression  on  log  values  shows 
a  very  significant  (p<0’Q0l)  upward  trend.  In  those 
mice  that  were  given  a  lethal  dose  of  mixed-field 


radiation,  the  numbers  of  Gram-negative  bacteria  in 
ilea  increased  more  than  10^-fold  on  day  3  and  10^-fold 
by  day  12  compared  with  control  animals  at  day  0 
(Figure  lA). 

Numbers  of  Gram-positive  bacteria  cultured  on 
PEA,  meanwhile,  appeared  to  decrease  without 
statistical  significance  in  these  mice  on  days  1-5,  and 
then  numbers  of  colonies  on  PEA  returned  to  the  initial 
numbers,  which  were  isolated  from  unirradiated 
control  mice  at  day  0.  During  days  5-12,  in  the 
ilea  there  was  a  sustained  shift  in  predominance 
from  Gram-positive  bacteria  [Lactobacillus,  sp.)  to  a 
preponderately  high  proportion  of  total  isolated 
bacteria  that  were  Gram-negative  [E.  coli  and  Proteus 
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Figure  1 .  (A)  Numbers  of  facultative  bacteria  cultured  from  ilea  of 

the  B6D2F1  mouse  {n  =  5)  that  received  535  cGy  mixed-field 
radiation.  Numbers  of  Gram-negative  bacteria  cultured  on 
MAC  (O)  increased  condnuously  compared  with  initial 
numbers  of  bacteria  cultured  at  day  0  from  the  unirradiated 
control  mouse  on  MAC  (j&<0-01).  A  very  significant  shift 
towards  Gram-negative  predominance  began  on  day  3  that 
continued  to  day  12  (/?<  0-001).  Meanwhile,  numbers  of 
Gram-positive  bacteria  cultured  on  PEA  (□)  appeared  to 
decrease  without  statistical  significance  days  1-5,  and  return 
by  day  7  to  initial  numbers  at  day  0  from  the  unirradiated 
control  mouse.  (B)  Numbers  of  facultative  bacteria  cultured 
from  ilea  of  the  B6D2F1  mouse  («  =  5)  that  received 
lOOOcGy  y-photon  radiation.  Numbers  of  Gram-negative 
bacteria  cultured  on  MAC  (O)  remained  essentially  stable 
and  were  no  more  than  1 0^-foId  greater  through  day  1 2  than 
in  the  unirradiated  control  mouse  at  day  0.  Numbers  of 
Gram-positive  bacteria  cultured  on  PEA  {□)  remained 
essentially  near  initial  concentrations  at  day  0  from  the 
unirradiated  control  mouse. 


314 


T.  B.  Elliott  et  al 


E 

D 

O 

E 

S 

eg 

3 

LL 

O 


E 

3 

O 

E 

2 

O 

5 

U- 

O 


A.  Mixed-Field 


Figure  2.  (A)  Total  numbers  of  facultative  bacteria  cultured  on 

SBA  from  ilea  of  the  B6D2F1  mouse  {n  =  5)  that  received  535 
(A)  or  350  cGy  (O)  of  mixed-field  radiation  decreased  on  day 
1  from  initial  concentrations  at  day  0  in  the  unirradiated 
control  mouse.  Numbers  of  bacteria  from  350-cGy-irradi- 
ated  mice  remained  near  the  initial  concentration  from  days 
5  to  21,  whereas  those  from  535-cGy-irradiated  mice 
increased,  following  the  lowest  numbers,  on  days  5-12.  The 
remaining  535-cGy-irradiated  mice  died  by  day  14.  (B)  Total 
numbers  of  facultative  bacteria  cultured  on  SBA  from  ilea  of 
mice  {n  =  5)  that  received  1000  (A)  or  700  cGy  (O)  y-photon 
radiation  decreased  early,  on  days  3  and  1  respectively. 
Numbers  of  bacteria  from  7 00-cGy-ir radiated  mice  returned 
on  day  3  and  remained  through  day  17  near  the  initial 
concentration  at  day  0;  but  numbers  of  bacteria  from 
1 000-cGy-irradiated  mice  remained  lower  than  the  initial 
concentration  through  day  1 2,  then  increased  on  day  1 4.  The 
remaining  1000-cGy-irradiated  mice  died  by  day  17. 


mirabilis)  (Table  1,  Figures  lA  and  2A).  After  day  5, 
the  predominant  small  bacterial  colonies  that  grew  on 
PEA  were  identified  as  inhibited  E.  coli  and  P.  mirabilis 
(Figure  lA),  which  closely  paralleled  the  increase 
in  Gram-negative  bacteria  on  MAC  (Figure  lA)  and 
the  total  numbers  of  bacteria  found  on  SBA 
(Figure  2 A). 

In  contrast,  following  a  lethal  dose  of  lOOOcGy 
y-photon  radiation,  numbers  of  Gram-negative 
bacteria  that  were  isolated  on  MAC  remained 
essentially  stable  and  were  no  more  than  10^-fold 
greater  through  day  1 2  than  in  controls  at  day  0  (Figure 
IB).  In  these  mice,  numbers  of  bacteria  that  were 


isolated  on  PEA  remained  near  initial  concentrations, 
which  were  isolated  at  day  0  from  unirradiated  control 
mice,  except  for  a  decrease  on  day  3  that  corresponded 
to  a  slight  increase  of  colonies  isolated  on  MAC.  That 
is,  the  1000-cGy  y-photon-irradiated  mice  (Figure  IB) 
did  not  exhibit  the  trend  towards  Gram-negative 
predominance  found  in  the  535-cGy  mixed-field- 
irradiated  mice.  In  1000-cGy  y-photon-irradiated  mice, 
the  numbers  of  Gram-negative  microorganisms 
(2*3  X  10^  to  1*9  X  10^  CFU/g  of  ileum)  remained 
comparatively  near  the  initial  numbers  isolated  from 
unirradiated  control  mice. 

Total  numbers  of  ileal  bacteria  that  were  cultured  on 
SBA  (Figure  2)  decreased  on  days  1  and  5  in  mice  that 
were  given  535  cGy  mixed-field  radiation  and  then 
increased  above  the  initial  concentration  through  day 
12.  Total  numbers  decreased  on  day  3  in  mice  given 
lOOOcGy  of  y  photons  and  remained  somewhat  below 
the  initial  concentration  through  day  1 2,  then  increased 
above  the  initial  concentration  on  day  14.  Total 


Table  1.  Predominant  bacterial  species  in  ilea  of  mice  after 
1000-cGy  y-photon  or  535-cGy  mixed-field  irradiation. 


Day 

Radiation 

quality^ 

No.  of 
mice 

Sheep  blood 
agar 

MacConkey  agar 

0 

None 

20 

Lactobacillus  sp.’’ 

Escherichia  coli 

1 

y 

5 

Lactobacillus  sp. 
Bacillus  sp. 

E.  coif 

n  +  y 

5 

Lactobacillus  sp.’’ 
Staphylococcus 
aureus 

E.  coli 

3 

y 

5 

Lactobacillus  sp. 

E.  coli 

n  +  y 

5 

E.  coli 

E.  coli 

5 

y 

5 

Lactobacillus  sp. 
Staphylococcus 
xylosus 

E.  coli 

n  +  y 

5 

E.  coli 

Proteus  mirabilis 

E.  coli 

P.  mirabilis 

7 

y 

5 

Lactobacillus  sp. 

S:  xylosus 

E.  coif 

P,  mirabilis^ 

n  +  y 

5 

E.  coli 

E.  coli 

10 

y 

5 

Lactobacillus  sp. 

S.  xylosus 

E.  coli 

E,  coli 

P.  mirabilis 

n  +  y 

5 

E.  coli 

P.  mirabilis 

E.  coli 

P.  mirabilis 

12 

y 

5 

Lactobacillus  sp. 

E.  coli 

E.  coli 

n  +  y 

5 

E.  coli 

E.  coli 

14 

y 

1 

Lactobacillus  sp. 

E.  coif 

n  +  y 

2 

E.  coli 

P,  mirabilis 

E,  coli 

P.  mirabilis 

photon  (1000  cGy),  n  +  y  =  mixed  field  [n/(n  +  y)  =  0-67] 
(535  cGy). 

’’Non -spore-forming,  facultative,  Gram-positive  rods. 

‘^Only  one  mouse  exhibited  these  bacteria  on  this  day.  On  all  other 
days,  at  least  two  mice  from  each  group  had  these  species. 
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Figure  3.  Survival  of  the  B6D2F1/J  female  mice  (n  =  20)  that 
were  given  lethal  and  sublethal  doses  of  mixed-field 
[n/(n  +  7)  =  0-67]  (MF)  or  ®^Co  y-photon  (7)  radiation. 


numbers  of  isolated  ileal  bacteria  in  350-cGy 
mixed-field-  and  the  700-cGy  7-photon-irradiated  mice 
decreased  on  day  1 ,  but  returned  to  and  remained  near 
initial  concentrations,  which  were  isolated  from 
unirradiated  control  mice  at  day  0,  throughout  the 
study. 

3.2.  Dose~responses  of  mice 

Mice  received  comparable  lethal  (1000  cGy  7  photon 
versus  535  cGy  mixed-field)  and  sublethal  (700  cGy  7 
photon  versus  350  cGy  mixed-field)  doses  of  radiation 
based  on  a  previous  calculation  of  the  RBEzXiht  Zi)5o/3o 
and  probit  analysis  for  mixed-field  irradiation  (Ledney 
etal.  1991,  1992).  Mortality  occurred  from  day  7  to  16 
in  mice  given  535-cGy  mixed-field  radiation  and  day 
10-19  in  those  given  1000-cGy  7  photons,  the  period 
of  hematopoietic  syndrome.  Mean  survival  times  of 
mice  were  1 1  -9  ±  M  days  {n  =  20,  including  one 
survivor  at  30  days)  in  those  given  535-cGy  mixed-field 
radiation  and  13*2  ±  0*5  days  (n  =  20)  in  those  given 
1000-cGy  7  photons  (NS,  Behrens-Fischer  T-test). 
A  comparison  of  daily  survival  data  by  the  generalized 
Savage  (Mantel-Cox)  procedure  showed  that  there  was 
no  significant  difference  between  the  two  sets  (/>  =  0*  1 3; 
Figure  3).  Figure  4  illustrates  the  mortality  of  mice  given 
graduated  doses  of  7-photon  or  mixed-field  radiation. 
The  Zi)5o/30  for  7-photon  irradiation  was  9*03  Gy 
{LCL  =  8-88;  UCL  =  9T8).  The  ZZ)5o/3o  for  mixed-field 
was  4*95  Gy  [LCL  =  4*86;  UCL  =  5*04).  Therefore,  the 
RBE  for  the  mixed-field-  compared  with  the  7  photon- 
irradiated  mice  was  1*82  (TDso/so  7  photon/ZDso/so 
mixed  field). 


Figure  4.  Dose-response  by  probit  analysis  of  mortality  of 
B6D2F1  /J  mice  given  mixed-field  [n/(n  +  y)  =  0*67]  or  ^°Co 
7-photon  radiadon  [n  ~  20  mice/dose).  Numbers  are  corre¬ 
sponding  Zi)5o/3o  [95%  confidence  interval], 

4.  Discussion 

This  report  addresses  implications  for  effective 
treatment  involved  in  the  management  of  septicaemia, 
because  of  selective  bacterial  translocation  in  animals 
given  lethal  isoeffective  doses  of  two  qualities  of 
radiation,  mixed-field  neutrons  and  7  photons. 
Gram-negative  facultative  bacteria  increased  to  a 
higher  magnitude  than  Gram-positive  bacteria  in  the 
ilea  of  mixed-field-irradiated  mice.  This  trend  was  not 
found  in  7-photon-irradiated  mice.  That  is,  ileal 
cultures  showed  either  a  predominance  of 
Gram-negative  or  -positive  microorganisms,  depending 
upon  the  quality  of  radiation  the  host  received,  an 
important  distinction  for  effective  therapy  of  sepsis. 
This  observation  is  consistent  with  previous 
observations  in  CFl  mice  (Vogel  etal.  1954,  Hammond 
et  ai  1955)  and  correlates,  as  well,  with  the  qualitative 
incidence  of  bacteria  in  livers  and  blood  of  septic  mice 
(Brook  et  al.  1993,  Ledney  et  al.  1994).  Previous  studies 
in  this  laboratory  showed  that  incidence  of  bacteria  in 
livers  correlated  best  with  sepsis  in  irradiated  mice 
(Brook  et  al  1984,  Brook  and  Elliott  1991),  but 
quantitation  of  bacteria  in  liver  does  not  sufficiently 
improve  the  correlation.  In  animals  that  were  given 
ZDgg/so  of  radiation  (Ledney  et  al.  1994),  more  liver 
cultures  demonstrated  bacteria  in  mixed- 
field-irradiated  mice  than  in  mice  given  a  comparable 
dose  of  7  photons  (/)<0*05;  Figure  5).  In 
mixed-field-irradiated  animals,  the  predominant  (93%) 
microorganisms  cultured  from  the  liver  were 
Gram-negative  [E.  coli,  Proteus  sp.).  In  7-photon- 
irradiated  animals,  92%  of  the  microorganisms 
cultured  from  the  liver  were  Gram-positive  [Streptococcus 
sp..  Staphylococcus  sp.,  Enteroccoccus  sp.). 

The  reason  remains  unclear  for  the  increased 
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Positive  Liver  Cultures  Type  of  Microorganism 


E.coli  Tr% 
Proteus  sp.  16% 


Streptococcus  sp.  57  /o 
Staphylococcus  sp.  21% 
Enwroococcus  sp.  14% 


Gram  Negative 


Gram  Positive 


*  Mixed  Field  {rV[n+Yl  =  0.7)  M  y  Photon 


Figure  5.  Incidence  of  bacteria  in  livers  of  B6D2F1  within  2 1  days 
after  1025cGy  ^Co  y-photon  or  560  cGy  mixed-field 
[n/(n  +  y)  =  0*67]  radiation.  Statistical  differences  were 
determined  by  chi-square  analysis  {*/><0-05;  **j&<0-01). 
The  number  above  each  bar  indicates  the  number  of  mice 
tested. 


numbers  of  Gram-negative  bacteria  in  ilea  and  the 
correlated  selective  translocation  of  Gram-negative 
bacteria  that  were  observed  in  lethally,  but  not 
sublethally,  mixed-field-irradiated  mice,  compared 
with  the  selective  translocation  of  Gram-positive 
bacteria  in  lethally  y-photon-irradiated  mice.  Although 
there  may  be  slight  differences  in  sensitivity  of  mice  in 
different  shipments  to  radiation,  the  biological 
difference  in  results  reported  here  overwhelms  those 
slight  differences  in  sensitivity.  We  suspect  that  the 
selective  translocation  of  bacteria  depends  upon  the 
degree  of  injury  to  intestinal  cells  caused  by  neutrons 
compared  with  y  photons.  Lawrence  and  Tennant 
(1937)  concluded  that,  for  the  same  amount  of 
ionization,  neutrons  are  more  biologically  destructive 
than  X-rays.  The  gastrointestinal  tract  is  the  source  of 
translocating  bacteria  (Miller  et  al.  1951,  Berg  and 
Garlington  1979),  against  which  the  mice  have  no 
active  defense,  because  of  injury  to  hematopoietic  stem 
cells  (Hammond  et  al  1954).  The  oral  cavity  does  not 
appear  to  be  a  source  of  infection  in  irradiated  mice 
(Quastler  fl/.  1956). 

Several  possible  mechanisms  for  translocation  have 
been  postulated  including  passage  of  bacteria  between 
or  through  intestinal  epithelial  cells  (Deitch  and  Berg 
1987,  Wells  et  al  1990),  as  well  as  the  uptake  of  enteric 
bacteria  by  macrophages  (Wells  et  al  1987a,  1988). 
Radiation  damage  to  the  intestinal  mucosa  may  lead  to 
a  disruption  in  the  integrity  of  the  epithelial  lining  and 
villi,  thereby  allowing  enteric  bacteria  to  translocate 
systemically  (Lawrence  and  Tennant  1937,  Hamlet 
et  al  1981,  Geraci  et  al  1985).  Onset  of  mortality  and 
bacteraemia  occurred  earlier  with  a  lower  dose  of 
radiation  in  neutron-  compared  with  y-photon- 
irradiated  mice  (Vogel  et  al  1954).  A  similar  apparent 


difference  that  we  observed  was  not  statistically 
significant,  when  we  used  isoeffective  doses  of  the  two 
qualities  of  radiation.  Based  upon  quantitative 
regeneration  of  crypt  cells,  neutrons  cause  greater 
damage  to  intestinal  villi  than  do  X-rays  (Carr  et  al 
1984)  and  changes  in  the  villous  topography  and  the 
stromal  pericryptal  plate  were  different  after  high  doses 
of  y  photons  and  neutrons  (Carr  et  al  1985).  Also,  the 
sensitivity  of  the  small  intestine  of  B6CF1  mice  in  vitro 
was  greater  than  hematopoietic  cells  to  neutrons,  based 
upon  the  RBE—  2*8  for  jejunal  microcolonies  and  1*9 
for  spleen  CFU  at  the  Dqs  (Hanson  et  al  1984). 

Vincent  et  al  ( 1 955)  found  that  decreased  numbers  of 
intestinal  lactobacilli,  which  provide  antimicrobial 
activity  and  natural  competition  for  other  bacteria, 
especially  Enterobacteriaceae  (Vincent  et  al  1959),  could 
account  for  Gram-negative  bacteraemia  in 
X-irradiated  rats.  However,  this  role  for  lactobacilli 
alone  would  not  explain  the  difference  that  we  saw 
between  mixed-field-  and  y-photon-irradiated  mice, 
unless  lactobacilli  are  adversely  effected  by  neutrons, 
but  not  by  y  photons.  Spear  (1944)  showed  that 
neutrons  and  y  photons  had  similar  effects  on  survival 
of  bacteria  and  bacterial  spores. 

Furthermore,  our  results  suggest  that  the  efficacy  of 
antimicrobial  treatment  is  time  dependent  after  lethal 
doses  of  mixed-field-neutron  or  y-photon  radiation. 
The  shift  to  predominantly  Gram-negative 
microorganisms  in  mice  that  were  lethally  irradiated 
with  mixed-field  neutrons  began  3  days  after 
irradiation,  followed  by  the  death  of  the  first  mouse  on 
day  7.  The  time-related  nature  of  this  shift  in 
predominant  bacteria  implies  that  antimicrobial 
therapy  should  begin  earlier  than  72  h  after  exposure  to 
neutrons  to  inhibit  exponential  growth  of  Gram¬ 
negative  microorganisms,  thus  slowing  translocation 
and  the  development  of  sepsis. 

Our  data  indicate  more  clearly  for  mixed-field- 
neutron-irradiated  hosts  than  for  y-photon-irradiated 
hosts  when  to  initiate  treatment,  because  of  the 
distinctive  early  increase  in  enteric  Gram-negative  rods 
in  neutron-irradiated  mice,  but  antimicrobial  therapy 
in  y-photon-irradiated  hosts  should  probably 
commence  before  day  5.  Liver  cultures  of  lethally 
y-photon-irradiated  mice  showed  colonization  by 
Gram-positive  microorganisms  by  day  5,  followed  by 
the  initial  deaths  on  day  10  (Ledney  et  al  1994). 
Similarly,  Vogel  et  al  (1954)  recovered  a-hemolytic 
streptococci  from  most  cultures  of  heart  blood  of  mice 
beginning  7  days  after  900-942  r  ®^Co  y-photon 
irradiation,  which  was  later  than  enteric  Gram-negative 
rods  were  detected  in  neutron-irradiated  mice. 

Selection  of  an  antimicrobial  agent  should  take  into 
account  its  toxicity  to  endogenous  gastrointestinal 
anaerobic  microflora,  which  inhibit  colonization  by 
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opportunistic  microorganisms  (Vincent  et  al.  1955, 
1959,  van  der  Waaij  1968,  Brook  1988),  as  well  as  its 
activity  against  Gram-negative  bacteria  in 
neutron-irradiated  animals.  Antimicrobial  agents, 
which  act  against  the  endogenous  anaerobic 
gastrointestinal  microflora,  may  actually  promote 
translocation  of  Gram-negative  rods  such  as 
E.  coli  (Berg  1981,  Wells  etai  1987b).  Therefore,  these 
antimicrobial  agents  should  be  avoided,  despite  their 
application  in  cases  of  abdominal  trauma  in 
unirradiated  humans  (van  Rensburg  et  al  1991). 

In  addition  to  use  of  antimicrobial  agents,  it  is  crucial 
in  the  irradiated  host  to  stimulate  the  non-specific 
phagocytic  cells,  the  production  of  which  is 
compromised  by  direct  injury  to  hematopoietic  stem 
cells  in  bone  marrow  (Lamerton  1966,  Fu  et  al  1975). 
Combined  therapy  with  an  antimicrobial  agent  and  a 
non-specific  immunomodulator  can  increase  survival 
more  than  either  agent  alone  (Madonna  et  al  1989, 
^vook  et  al  1992). 

The  focus  of  this  study  was  limited  to  correlating  the 
quantitation  of  bacteria  in  ilea  with  qualitative 
bacteriology  in  livers  (Ledney  et  al  1994)  of  lethally 
irradiated  mice.  Results  show  the  need  for  different 
treatments  for  anticipated  sepsis,  depending  upon  the 
quality  of  radiation  in  the  low  lethal  range  of  doses. 
Further  studies  in  other  mammals,  such  as  baboon, 
monkey,  or  dog,  would  determine  whether 
this  phenomenon  occurs  among  species.  Although  the 
exact  functional  basis  for  selective  translocation  of 
bacteria  has  yet  to  be  determined,  particularly  in 
neutron-irradiated  animals,  it  is  clear  that  different 
qualities  of  radiation  given  at  low  lethal  doses  effect 
translocation  of  different  bacteria.  Most  importantly, 
therapies  that  combine  antimicrobial  agents  and 
immunomodulators  can  improve  survival  of  irradiated 
hosts.  Based  on  these  principles,  development  of 
definitive  treatment  regimens  after  exposure  to  different 
qualities  of  radiation  is  appropriate. 

Appendix:  Neutron  dosimetry  in  TRIGA 
Mark-F  reactor 

The  AFRRI  TRIGA  Mark-F  reactor  (Moore  and 
Elsasser  1986)  has  a  movable  core  that  is  suspended  in 
a  pool  of  water.  During  irradiation,  the  core  was 
positioned  at  one  end  of  the  pool  in  a  semicylindrical 
lobe  in  the  wall,  which  projects  into  the  exposure  room. 
In  this  configuration,  neutrons  that  stream  from  the 
core  encounter  minimal  moderating  material,  that  is, 
<  2*5  cm  of  water  between  the  core  and  the  exposure 
room.  The  spectrum  of  intense  y-photon  ra^ation 
(Verbinski  etal  1981b),  which  is  emitted  from  the  core 
in  the  direction  of  the  array,  is  attenuated  by  placing  a 
1 5-cm  lead  shield  in  the  room  between  the  wall  lobe  and 


the  position  of  the  exposure  array.  The  effect  on  the 
photon  spectrum  in  the  exposure  room  is  to  increase 
the  proportion  of  low-energy  y  photons  by  removing 
high-energy  y  photons  that  emanate  from  the  core.  The 
implication  of  this  effect  is  discussed  below.  The  shield 
not  only  reflects  low-energy  neutrons  back  to  the  array, 
but  it  also  softens  the  fission-neutron  spectrum  to  a 
lower  energy  by  inelastically  scattering  neutrons  that 
have  energies  >  1  mSV  (Verbinski  et  al  1981a). 

The  exposure  array,  constructed  of  aluminum, 
consisted  of  12  vertical  columns  of  four  ventilated 
cylinders.  The  columns  were  uniformly  spaced  along  a 
23-cm  arc,  which  had  a  radius  of  285  cm  from  the 
center  of  the  reactor  core  in  the  wall  lobe.  The  array  was 
positioned  255  cm  from  the  wall  lobe  and  1 20  cm  above 
the  floor  of  the  exposure  room.  During  all  exposures, 
acrylic  mouse  phantoms  were  placed  in  the  columns  at 
both  ends  of  the  arc  to  ensure  a  more  uniform 
irradiation  field.  Each  cylinder  contained  one  mouse  or 
acrylic  phantom.  This  arrangement  allowed  up  to  40 
mice  to  be  irradiated  simultaneously.  A  motorized  gear 
system  rotated  each  column  of  cylinders  around  their 
vertical  long  axis  at  l*5rpm.  Rotation  assured  a 
uniform  depth-dose  distribution  to  allow  an  optimal 
comparison  with  bilateral  ^^Co  y-photon  irradiation. 
Details  of  a  similar  exposure  array  in  which  20  mice 
were  irradiated  in  a  lead  cave  was  described  previously 
(Stewart  et  al  1982). 

Mixed-field  dosimetry  for  each  run  was  passively 
monitored  by  using  sulphur  activation  tablets  and 
actively  monitored  by  using  fission  and  ionization 
chambers  in  the  exposure  room.  Paired  ion  chambers 
were  used  to  allow  a  separate  determination  of  dose  due 
to  y-photon  and  neutron  radiations  (Meulders  1988). 
The  paired  chambers,  available  commercially,  were  a 
tissue-equivalent  chamber  filled  with  tissue-equivalent 
gas  and  a  magnesium  chamber  filled  with  argon  gas 
(Goodman  1985,  Musk  1993).  The  volume  of  each 
chamber  was  0*5  cm^.  Chamber  calibrations  for  mixed 
fields,  as  well  as  those  for  ^®Co  fields,  are  traceable  to 
national  standards  maintained  by  the  National  Institute 
of  Standards  and  Technology  (NIST). 

With  the  paired-chamber  technique,  determination 
of  the  fractional  parts  of  the  total  dose  due  to  both 
neutrons  and  y  photons  requires  the  knowledge  of  four 
constants — At  and  Au — that  relate  to  the 
sensitivities  of  the  chambers  to  the  y-photon  and 
neutron  radiations.  Of  the  four  constants,  the 
determination  of  the  fractional  dose  parts  is  strongly 
dependent  upon  Au,  the  response  of  the  magnesium 
chamber  to  y  photons  in  the  mixed  field  relative  to  the 
1  •25-MeV  ®®Co  y  photons  that  were  used  for  calibration 
of  chambers.  A  weaker  dependency  is  shown  by  At, 
the  response  of  the  tissue-equivalent  chamber  of  the 
calibration  radiation.  At  and  Au  are  1*0,  except  where 


318 


T,  B.  Elliott  et  al. 


the  energies  of  the  y  photons  in  the  mixed  field  are 
considerably  lower  than  energies  of  the  y  photons  in  the 
calibration  field. 

Au  was  determined  at  NIST  from  chamber 
calibration  factors  (Lamperti  1 992)  for  several  y-photon 
sources  that  have  energies  below  the  ®^Go  calibration 
energy.  These  studies  indicated  that,  for  y  photons  with 
energies  <200keV,  Au>l‘0  and  increases  rapidly 
with  decreasing  energy.  This  is  important  because  the 
experimental  configuration  in  our  experiment  included 
a  15-cm  lead  shield  between  the  core  and  the  array. 
At  the  position  of  the  array,  the  shield  reduced  y 
photons  that  emanated  directly  from  the  core,  but 
increased  the  relative  contribution  of  wall-generated 
lower-energy  y  photons.  Calculations  (Eisenhauer 
1993),  which  were  based  upon  a  simplified  model  of  the 
exposure  room,  indicated  that  most  of  these 
lower-energy  photons  arose  from  higher-energy 
photons,  which  were  degraded  by  Compton  scattering 
in  the  wooden  walls. 

An  estimate  of  the  effective  K  for  the  mixed  field  was 
made  by  folding  the  measured  /iu  response,  as  described 
above,  with  the  reactor  photon  spectrum  calculated 
(Verbinski  et  al.  1981b)  for  our  experimental 
configuration.  Although  the  calculation  of  the  photon 
spectrum  was  based  upon  a  distance  of  70  cm  between 
the  array  and  the  wall  lobe,  rather  than  255  cm  in  this 
experiment,  the  result  is  considered  valid  for  any 
reasonable  distance  within  the  room.  The  analysis 
(C.  M.  Eisenhauer,  personal  communication) 
determined  that  the  value  for  the  effective  K  was  1-37, 
which  is  consistent  with  the  fact  that  35%  of  the  photon 
fluence  spectrum  is  <  200  keV.  A  similar  analysis  also 
determined  that  the  effective  K  was  0*97.  These 
calculated  effective  paired-chamber  constants,  together 
with  k,  (0-941)  and  kx  (0-054),  were  then  used  to 
determine  the  fractional  parts  of  total  dose  due  to  y 
photon  and  neutron  radiations.  The  ratio  of  neutron  to 
total  dose  [n/(n  +  y)]  was  0-67(±10%).  Future 
measurements  of  the  y-photon  spectrum  in  the 
exposure  room  will  determine  the  accuracy  and 
precision  of  these  calculations.  All  doses,  which  were 
delivered  at  a  nominal  dose  rate  of  40cGy/min, 
were  determined  at  midline  tissue  (MET)  by  placing 
each  chamber  at  the  center  of  a  2'5-cm-diameter, 
cylindrical  acrylic  mouse  phantom,  which,  in  turn,  was 
placed  in  an  aluminum  cylinder  in  the  array. 
Uniformity  of  the  radiation  field  was  within  3%  of  the 
dose  at  the  center  of  the  array.  Mean  energies  of 
the  neutron  spectrum,  weighted  for  fluence  and  kerma, 
were  0-96  and  l-69MeV  respectively.  The  fluence- 
weighted  mean  energy  of  the  direct  photon  spectrum 
was  0-92  MeV  (Ferlic  and  Zeman  1983,  Eisenhauer 
1991).  These  values  were  determined  from  the 


calculated  spectra  for  a  distance  of  70  cm  from  the  array 
to  the  wall-lobe  (Verbinski  et  al.  198 1  a,  b). 
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ABSTRACT  MOLT-4  cells,  a  human  lymphocytic 
leukemia  line,  undergo  apoptosis  in  response  to  a 
variety  of  stimuli,  including  exposure  to  ionizing 
radiation.  Very  little  is  known  of  the  molecular 
mechanisms  by  which  radiation  induces  apoptosis. 
Morphology  changes  and  chromatin  cleavage  at  in- 
ternucleosomal  sites  accompany  apoptosis  in  these 
cells.  We  found  that  trolox,  a  water-soluble  deriva¬ 
tive  of  vitamin  E  that  penetrates  biomembranes  and 
protects  mammalian  ceUs  from  oxidative  damage, 
blocks  DNA  fragmentation  in  irradiated  MOLT-4 
cells.  Levels  of  DNA  fragmentation  in  cells  not 
treated  with  trolox  were  directly  related  to  both 
radiation  dose  and  time  postirradiation.  Preincuba¬ 
tion  of  cells  with  trolox  or  incubation  with  trolox  only 
during  irradiation  did  not  protect  cells.  A  4  h  postir¬ 
radiation  incubation  with  trolox  was  sufRcient  to 
completely  block  fragmentation  measured  at  24  h, 
indicating  the  processes  triggered  by  radiation  to 
induce  DNA  fragmentation  occur  early  after  irradia¬ 
tion.  Removal  of  cells  from  trolox  earlier  than  4  h 
resulted  in  progressively  less  inhibition.  Trolox  pre¬ 
serves  the  integrity  of  irradiated  cells  as  judged  by 
increased  viability  and  thymidine  incorporation.  Ra¬ 
diation  induces  an  uptake  of  extracellular  Ca^"^  into 
MOLT-4  cells  that  was  blocked  by  a  postirradiation 
incubation  with  trolox.  These  results  suggest  that 
membrane-associated  oxidations  triggered  by  radia¬ 
tion  are  responsible  for  radiation-induced  apoptosis 
in  MOLT-4  cells. — McClain,  D.  E.,  Kalinich,  J.  F., 
Ramakrishnan,  N.  Trolox  inhibits  apoptosis  in  irra¬ 
diated  MOLT-4  lymphocytes.  FASEB  /,  9, 
1345-1354  (1995) 

Key  Words:  radiation  •  apoptosis 

It  has  been  shown  that  many  kinds  of  cells,  including  thy¬ 
mocytes  (1),  lymphocytes  (2),  parotid  serous  cells  (3),  and 
intestinal  crypt  cells  (4),  undergo  apoptosis  after  exposure 
to  clinically  relevant  doses  of  radiation.  Apoptosis  is  a 
programmed  form  of  cell  death  characterized  by  a  variety 
of  morphological,  biochemical,  and  genetic  markers  (5), 
but  very  little  is  known  of  the  mechanisms  by  which  apop¬ 
tosis  is  triggered  in  such  cells. 

MOLT-4  lymphocytes,  a  human  leukemic  cell  line  origi¬ 
nally  isolated  in  1971  by  Minowada  et  al.  (6),  were  first 


studied  extensively  by  Szekeley  and  co-workers  (7,  8)  and 
shown  to  be  very  radiosensitive.  They  found  that  exposure 
of  MOLT-4  cells  to  low  doses  of  radiation  induced  changes 
in  cell  morphology,  including  cell  shrinkage,  plasma  mem¬ 
brane  perturbations,  and  nuclear  pyknosis  (7),  that  we  now 
know  are  characteristics  of  radiation-induced  apoptosis. 
More  recently,  two  studies  by  Shinohara  and  Nakano  (9, 
10)  characterized  various  aspects  of  X-ray-induced  cell 
death  in  MOLT-4  cells  and  concluded  on  the  basis  of 
morphologic  and  clonogenic  evidence  that  radiation  in¬ 
duces  mixed  characteristics  of  interphase  death  and  repro¬ 
ductive  death  in  irradiated  MOLT-4  cells.  However,  these 
studies  indicated  that  apoptosis  appeared  to  be  the  under¬ 
lying  mechanism  in  both  cases. 

Radiation  exerts  its  primary  effect  on  the  cell  by  the 
generation  of  reactive  free  radicals.  Cellular  membranes 
have  long  been  postulated  to  be  one  of  the  most  radiation- 
sensitive  regions  of  the  cell  (11).  Free  radical  damage 
initially  induced  by  radiation  can  be  propagated  and  mag¬ 
nified  by  lipid  peroxidation  chain  reactions  (12).  Our  labo¬ 
ratory  has  previously  shown  that  membrane  damage 
appears  to  play  a  role  in  radiation-induced  apoptosis  (13). 
The  specific  sites  or  functions  damaged  are  not  well  char¬ 
acterized,  but  membrane  lipid  peroxidation  has  been 
shown  to  lead  to  a  variety  of  membrane  alterations,  includ¬ 
ing  structural  damage  (14)  and  changes  in  membrane  per¬ 
meability  (15).  Functions  associated  with  membranes  such 
as  expression  of  IgG  on  the  surface  of  B  cells  and  protein 
kinase  C  activity  (16)  are  also  sensitive  to  radiation. 

In  this  study  we  have  characterized  aspects  of  apoptotic 
death  in  irradiated  MOLT-4  cells  and  have  demonstrated 
the  protective  effects  of  the  antioxidant  drug  trolox,  a 
water-soluble  analog  of  vitamin  E.  Trolox  is  a  peroxyl  radi¬ 
cal  scavenger  that  rapidly  penetrates  biological  mem¬ 
branes  (12).  It  is  a  powerful  inhibitor  of  membrane  damage 
that  has  been  shown  to  protect  cells  both  in  vivo  (17)  and 
in  vitro  (18).  The  protective  effect  of  trolox  appears  to  be 
based  on  its  capacity  to  inhibit  membrane  lipid  peroxida¬ 
tions  (18).  The  results  of  our  experiments  with  trolox  sup- 


^To  whom  correspondence  and  reprint  requests  should  be  addressed, 
at:  Applied  Cellular  Radiobiology  Department,  Armed  Forces  Radiobiol¬ 
ogy  Research  Institute,  8901  Wisconsin  Ave.,  Bethesda,  MD  20889- 

5603,  USA. 
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Abbreviations:  trolox,  6-hydroxy-2,5,7,8-tetramethylchroman-2-car- 
boxylic  acid;  HBSS,  Hanks’  balanced  salt  solution. 
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port  the  hypothesis  that  lipid  peroxidations  play  an  impor¬ 
tant  role  in  radiation-induced  apoptosis. 

MATERIALS  AND  METHODS 
CeUs 

MOLT-4  cells  were  obtained  from  American  Type  Culture  Collection 
(ATCC,  Rockville,  Md.)  and  grown  in  RPMI  1640  medium  containing 
10%  fetal  bovine  serum,  3  mM  glutamine,  and  100  U/ml  penicil¬ 
lin/streptomycin  (all  Gibco/BRL,  Grand  Island,  N.Y.)  in  an  atmosphere 
of  5%  (i02  in  air  at  37°C.  Cell  cultures  were  maintained  at  densities  not 
exceeding  1-1.5  X  10^  cells/ml  because  higher  densities  tended  to 
affect  cell  viability.  Only  cells  with  viabilities  greater  than  94%  (trypan 
blue  dye  exclusion)  were  used  for  experiments. 

Irradiation 

Cells  were  suspended  (approximately  1  X  10^  cells/ml)  in  normal  growth 
medium  and  irradiated  at  room  temperature,  using  the  AFRRI  Co 
Facility  at  a  dose  rate  of  1  Gy/min.  After  iiTadiation,  cells  were  pelleted 
by  centrifugation  (750  Xg,  5  min  at  room  temperature)  and  resuspended 
(approximately  1  X  10^  cells/ml)  in  warm,  fresh  medium  with  or  without 
reagents  to  be  tested. 

Trolox  treatment 

Trolox  (Aldrich  Chemical  Co.,  Milwaukee,  Wis.)  was  dissolved  in  1  M 
NaHCOa  at  a  concentration  of  300  mM  and  the  pH  was  adjusted  to  7.0. 
For  experiments,  the  solution  was  diluted  to  the  desired  concentration 
with  medium.  The  viability  of  cells  incubated  with  10  mM  trolox  dem¬ 
onstrated  no  significant  decrease  during  24  h  of  incubation,  but  cells 
were  routinely  exposed  to  trolox  for  no  longer  than  8  h.  All  cell  suspen¬ 
sions  not  treated  with  trolox  were  brought  to  a  concentration  of  NaHCOa 
equivalent  to  that  delivered  with  the  trolox. 

Microscopy 

Cells  (0. 5-1.5  X  10^)  were  pelleted  by  centrifugation  (750  X  5  min), 
resuspended  in  1  ml  of  freshly  prepared  3%  formaldehyde  in  HBSS,  and 
refrigerated  for  a  sufficient  time  to  allow  cells  to  settle  to  the  bottom  of 
tube  (about  2  h).  Centrifugation  to  pellet  cells  was  avoided  because  it 
appeared  to  contribute  to  distorted  cell  morphology.  Fixed  cells  could 
be  kept  refrigerated  for  several  weeks  without  any  apparent  degradation. 

For  bright-field  and  fluorescence  microscopy,  all  but  about  0.1  ml  of 
the  fixing  buffer  overlaying  the  cells  was  removed  and  the  cells  were 
gently  resuspended  in  the  remaining  buffer.  A  20  |il  aliquot  (approxi¬ 
mately  1-3  X  10^  cells)  was  removed  and  mixed  with  20  pi  of  a  0.1 
mg/ml  solution  of  ethidium  bromide  in  HBSS  (final  concentration:  50 
pg/ml).  The  stained  suspension  was  kept  in  the  dark  on  ice  until  used. 
Ten  microliters  of  suspension  were  placed  on  a  microscope  slide  and 
gently  covered  with  a  20  mm  square  coverslip.  The  coverslip  was  sealed 
with  cement  to  prevent  drying.  Cells  were  allowed  to  settle  onto  the 
surface  of  the  slide  for  5-10  min  before  obsei*vation  began. 

Photomicroscopy  was  performed  with  an  Olympus  AHBT3  Research 
microscope  with  Nomarski-type  differential  interference  contrast  and 
reflected-light  fluorescence.  Images  were  preserved  on  high-speed  Po¬ 
laroid  Type  57  film. 

DNA  agarose  gel  electrophoresis 

Electrophoresis  of  DNA  was  performed  essentially  according  to  the 
method  used  by  Gong  et  al.  (19).  This  method  is  rapid,  uses  nontoxic 
reagents,  and  permits  the  selective  extraction  of  fragmented,  smaller 
molecular  weight  DNA  from  unfragmented  DNA.  The  removal  of  high 
molecular  weight  DNA  from  the  sample  enhances  the  detection  of  apop- 
totic  DNA,  whose  appearance  in  the  gel  is  an  indication  of  the  degree  of 


apoptosis.  Briefly,  5  X  10^  cells  were  pelleted  from  the  growth  medium, 
washed  once  with  HBSS,  resuspended  in  1  ml  HBSS,  diluted  with  10 
ml  of  ice-cold  70%  ethanol,  and  then  stored  refrigerated  at  least  24  h. 
Cells  fixed  in  this  way  could  be  stored  for  weeks  without  any  apparent 
degradation.  The  cells  were  pelleted  by  centrifugation  (750  X  g,  5  min) 
and  the  ethanol  completely  removed,  then  resuspended  in  50  |ll  of 
phosphate-citrate  buffer  (192  parts  0.2  M  Na2HP04  and  8  parts  0.1  M 
citric  acid,  pH  7.8)  and  transferred  to  a  0.5  ml  Ei)})endorf-style  micro¬ 
centrifuge  tube  in  which  they  were  allowed  to  stand  at  room  temperature 
for  45  min.  After  centrifugation  (750  X  g,  5  min),  the  supernatant  was 
transferred  to  a  new  tube  and  the  volume  reduced  in  a  Speed  Vac  con¬ 
centrator  (Savant  Instruments,  Farmingdale,  N.Y.)  for  15  min.  A  4  jll 
aliquot  of  RNase  A  (1  mg/ml  in  water.  Sigma,  St.  Louis,  Mo.)  was  added 
to  each  sample,  which  was  then  incubated  at  37°C  for  45  min.  A  4  |J.l 
aliquot  of  proteinase  K  (1  mg/ml  in  water,  Boehringer  Mannheim,  Indi¬ 
anapolis,  Ind.)  was  then  added  and  the  samj)le  was  incubated  an  addi¬ 
tional  45  min  at  37*^0.  After  the  incubations,  samples  were  mixed  with 
5  pi  of  6X  loading  buffer  (0.25%  bromophenol  blue,  40%  sucrose  in 
water)  and  the  entire  volume  was  loaded  onto  a  0.8%  agarose  gel  con¬ 
taining  0.5  pg/ml  ethidium  bromide.  Electrophoresis  was  performed  at 
2  V/cm  of  gel  length  for  about  16  h.  DNA  l)ands  were  visualized  using 
UV  transillumination  and  photographs  of  the  gels  were  obtained  using 
Polaroid  Type  665  positive/ negative  film. 


Figure  1.  Representative  bright-field  and  ethidium  bromide  DNA  fluo¬ 
rescence  images  of  MOLT-4  cells  24  h  after  exposure  to  0  Gy  or  3  Gy 
^^Co-gamma  radiation.  Cells  were  prepared  for  microscopy  as  described 
in  Methods.  A  comparison  of  bright-field  images  of  unirradiated  {A)  and 
irradiated  (C)  cells  clearly  demonstrates  marked  alterations  in  cell  mor¬ 
phology  that  accompany  radiation-induced  apoptosis,  including  cell 
shrinkage  (CS)  and  production  of  apoptotic  bodies  (AB).  DNA  staining  of 
uniiradiated  (B)  and  irradiated  [D)  ceils  demonstrates  presence  of  pro¬ 
nounced  chromatin  condensation  (CC)  and  other  nuclear  disruptions  in 
irradiated  cells. 
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F^re  2.  Images  analogous  to  those  in  Fig.  1,  except  cells  were  treated  with  Irolox  (10  mM)  for  8  h  after  iiradialion,  before  cells  were  prepared  for 
microscopy  24  h  postiiiadiation.  Trolox  treatment  of  rinirradiated  cells  caused  no  significant  disruption  of  morphology  apparent  in  either  representative 
bright-field  (d)  or  fluorescence  (S)  images,  compared  to  cells  not  treated  (Fig.  \A-B).  Trolox  treatment  of  irradiated  cells  resulted  in  sharp  decrease  in 
number  of  cells  manifesting  apoptotic  morphology  (C,  D). 


DNA  fragmentation  assay 

Cells  (1-2  X  10^)  were  collected  by  centrifugation  and  lysed  with  ice- 
cold  lysis  buffer  containing  10  mM  Tris-HCl  (pH  7.5),  1  mM  EDTA,  and 
0.2%  Triton  X-100  and  then  pelleted  by  centrifugation  (14,000  X 
4°C,  20  min)  to  separate  intact  from  fragmented  DNA.  The  pellet  was 
resuspended  in  lysis  buffer  and  sonicated  for  10  s  at  4°C.  DNA  in  both 
the  supernatant  and  pellet  fractions  was  determined  by  means  of  an 
automated  fluorometric  protocol  that  we  designed  using  AutoAnalyzer  II 
components  (Technicon,  Tarrytown,  N.Y.)  and  the  DNA-specific  fluo¬ 
rescent  probe  Hoechst  33258  (13).  Percent  DNA  fragmentation  was 
calculated  by  dividing  the  amount  of  DNA  in  the  supernatant  by  the 
total  DNA  in  the  sample  (supernatant  +  pellet  DNA)  and  multiplying 
by  100. 

Thymidine  incorporation 

Cells  were  iiTadiated  as  described.  Immediately  after  irradiation  cells 
were  resuspended  (5  X  10^  cells/ml)  in  medium  containing  0.25  pCi 


[  H]thymidine/ml  (Dupont/NEN,  Boston,  Mass.)  with  or  without  trolox. 
After  exposure  to  trolox  for  8  h,  cells  were  transferred  to  warm,  fresh 
medium  containing  ['  Hjthymidine  without  trolox,  and  the  incubation 
was  continued.  At  selected  times,  3  ml  of  suspension  (1.5  X  10^  cells) 
was  removed,  the  cells  pelleted  by  centrifugation  (750  X  g-,  5  min), 
washed  twice  with  HBSS,  and  resuspended  with  10%  TCA  to  precipitate 
DNA  (at  least  1  h  at  4°C).  The  precipitate  was  then  haiwested  on 
glass-fiber  filters  (GF/C),  which  were  then  washed  twice  with  5  ml  of 
ice-cold  5%  TCA  and  once  with  5  ml  ice-cold  70%  ethanol  to  remove 
unincorporated  ['  Hjthymidine.  Incorporated  radioactivity  was  deter¬ 
mined  by  scintillation  counting  (LS5801,  Beckman  Instruments,  Palo 
Alto,  Calif.)  in  5  ml  Ecoscint-A  cocktail  (National  Diagnostics,  Man- 
ville,  N.J.). 

Calcium  uptake 

Ca^^  uptake  studies  were  performed  by  a  method  modified  from 
McClain  et  al.  (20).  Cells  (3  X  10^/ml)  were  incubated  at  37°C  for  30 
min  before  radiation  exposure  in  medium  containing  10  pCi  '^^Ca^'^/ml 
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('^^CaCl2,  Dupont/NEN).  This  preincubation  time  was  sufficient  to 
equilibrate  intracellular  Ca^'*'  stores  with  the  isotope  (unpublished  ob¬ 
servations).  After  inadiation  the  cell  suspension  was  returned  to  37°C 
and  incubated  with  gentle  mixing.  At  selected  times  postiiradiation 
aliquots  of  the  cell  suspension  (50  jill,  1.5  X  10^  cells)  were  removed 
and  layered  over  150  |ll  of  a  silicone  oil  mixture  [Versilube  F50,  Gen¬ 
eral  Electric,  Waterford,  N.Y.,  with  8%  (v/v)  light  mineral  oil  (Fisher 
Scientific,  Pittsburgh,  Pa.)]  in  a  0.6  ml  microcentrifuge  tube.  The  sam¬ 
ple  was  centrifuged  in  a  microfuge  (13,500  X  g,  45  s)  to  pellet  the  cells 
through  the  oil  and  separate  them  from  the  radioactive  medium.  The 
aqueous  and  oil  layers  were  carefully  aspirated  and  the  cell  pellet 
resuspended  in  HESS  containing  1%  Triton  X-100.  Suspensions  were 
transferred  to  7  ml  scintillation  vials,  5  ml  Ecoscint-A  was  added,  the 
vial  contents  were  vigorously  shaken,  and  the  radioactivity  in  the  sam¬ 
ples  was  determined  with  a  scintillation  counter. 


The  amount  of  Ca^"^  associated  with  the  cells  was  calculated  from  the 
cpm  in  the  cell  pellet  divided  by  the  specific  activity  of  ^^Ca^'*'  in  the 
incubation  medium.  The  specific  activity  was  calculated  by  dividing  the 
cpm  in  10  |tll  of  the  radioactive  cell  suspension  by  the  Ca^'*'  concentra¬ 
tion  in  the  incubation  medium  (0.42  mM).  Ca^'*’  associated  with  the  cell 
pellet  was  expressed  as  pmol/10^  cells. 

Lipid  peroxidation  measurements 

Cell  suspensions  in  medium  were  preincubated  with  5  jtM  cw-parinaric 
acid  (Molecular  Probes,  Eugene,  Oreg.)  for  1  h  before  irradiation.  Cells 
were  resuspended  in  fresh  medium  without  cw-parinaric  acid  immedi¬ 
ately  before  irradiation.  Fluorescence  measurements  were  carried  out  at 
room  temperature  in  an  SLM  Model  8000  spectrofluorometer  (SLM 
Instruments,  Urbana,  Ill.),  using  a  stirred  cuvette,  with  excitation  and 
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Figure  3.  DNA  agarose  gels  of  chromatin  extracted  from  MOLT-4  cells  at  various  times  after  exposure  to  5  Gy,  without  and  with  trolox  treatment.  Cells 
were  irradiated  and  electrophoresis  performed  as  described  in  Methods.  A)  Lane  1  is  standard  1  kb  DNA  ladder.  There  is  a  very  low  level  of 
internucleosomal  DNA  cleavage  in  unirradiated  cells  (lane  2).  The  ladder  pattern  becomes  increasingly  evident  at  2,  4,  and  8  h  postirradiation  (lanes 
3-5).  At  12  and  16  h  (lanes  6,  7)  there  is  an  abrupt  increase  in  amount  of  DNA  in  ladder,  which  appears  to  result  from  superposition  of  both 
internucleosomal  and  randomly  fragmented  DNA.  B)  Effect  of  trolox.  Lanes  1  and  6:  standard  DNA  ladders.  Lanes  2  and  3:  DNA  from  unirradiated 
(“0")  and  irradiated  (”5,"  5  Gy)  cells  not  treated  with  trolox.  Lanes  4  and  5:  DNA  from  unirradiated  and  iiradiated  cells  treated  with  trolox  for  8  h, 
beginning  immediately  after  irradiation.  DNA  was  extracted  in  all  samples  16  h  postirradiation.  (The  figure  is  a  composite  of  lanes  run  on  the  same 
gel.)  In  irradiated  cells,  trolox  blocked  both  the  appearance  of  ladder  pattern  of  DNA  in  irradiated  sample  and  inhibited  amount  of  randomly  fragmented 
DNA  seen  in  irradiated  cells  not  exposed  to  trolox. 
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Figure  4.  Time  course  of  DNA  fragmentation  observed  in  unirradiated 
and  irradiated  cells  with  and  without  trolox.  DNA  fragmentation  in  all 
irradiated  samples  remains  low  for  first  4  h  postirradiation.  After  4  h  there 
is  a  steady  increase  in  quantity  of  fragmented  DNA  in  irradiated  samples 
not  treated  with  trolox,  related  to  both  radiation  dose  and  time  postirra¬ 
diation.  Both  unirradiated  and  irradiated  cells  treated  with  trolox  demon¬ 
strate  even  less  fragmentation  than  observed  in  unirradiated,  untreated 
cells.  Data  represent  mean  ±  sem  of  three  experiments. 


emission  wavelengths  at  324  nm  and  425  nm,  respectively  (band  widths 
4  nm). 

RESULTS 

Irradiated  MOLT-4  cells  exhibit  morphological  charac¬ 
teristics  that  are  typical  of  apoptosis  (Fig.  1).  Figures  lA, 
B  show  bright-field  and  ethidium  bromide  DNA  fluores¬ 
cence  images,  respectively,  of  unirradiated  MOLT-4  cells. 
Figures  1C  and  D  represent  images  of  cells  24  h  after 
exposure  to  3  Gy  ^^Co-gamma  radiation.  A  comparison  of 
the  bright-field  images  of  unirradiated  and  irradiated  cells 
clearly  demonstrates  the  marked  alterations  in  cell  mor¬ 
phology  that  accompany  radiation-induced  apoptosis,  in¬ 
cluding  cytoplasmic  shrinkage,  nuclear  disruption,  plasma 
membrane  perturbations,  and  the  production  of  apoptotic 
bodies.  DNA  staining  with  ethidium  bromide  (Figs.  15,  D) 
indicates  the  presence  of  pronounced  chromatin  condensa¬ 
tion  and  other  nuclear  disruptions  in  the  irradiated  cells. 
Typically,  both  apoptotic  and  normal  morphologies  are 
present  in  cell  populations  examined  at  this  time  after 
irradiation. 

Figures  2L4— D  are  images  analogous  to  those  in  Fig.  1, 
except  the  cells  were  treated  with  the  vitamin  E  analog 
trolox  during  and  for  8  h  after  irradiation  before  the  cells 


were  prepared  for  microscopy  24  h  postirradiation.  Both 
the  bright-field  and  DNA-stained  fluorescence  images  of 
irradiated  cells  reflect  a  decrease  in  the  relative  numbers 
of  cells  with  apoptotic  morphology,  suggesting  that  trolox 
prevents  the  appearance  of  those  characteristics. 

Figure  34  shows  an  agarose  gel  of  DNA  extracted  from 
MOLT-4  cells  at  various  times  after  exposure  to  5  Gy.  The 
method  used  here  recovers  only  fragmented  DNA  from  the 
mixture  of  fragmented  and  unfragmented  DNA  in  the  sam¬ 
ple.  The  amount  of  DNA  in  each  lane  is  thus  not  necessar¬ 
ily  constant,  but  is  a  reflection  of  the  degree  of 
fragmentation  that  has  occurred.  Immediately  after  irradia¬ 
tion  (0  h,  lane  2),  there  is  only  barely  discernable  evidence 
of  internucleosomal  DNA  cleavage  (the  so-called  ‘Tadder” 
pattern  of  DNA  fragments  that  are  multiples  of  approxi¬ 
mately  200  base  pairs).  The  intensity  of  the  ladder  pattern 
increases  through  2,  4,  and  8  h  postirradiation  (lanes  3-5, 
respectively).  At  12  and  16  h  postirradiation  (lanes  6  and 
7),  there  is  an  abrupt  increase  in  the  amount  of  total  DNA 
in  the  ladder,  which  appears  to  result  from  a  combination 
of  both  internucleosomal  and  randomly  fragmented  DNA, 
identifiable  as  a  smear  in  the  sample  lanes. 

Figure  35  indicates  the  effect  of  trolox  on  internucleoso¬ 
mal  DNA  fragmentation  in  irradiated  MOLT-4  cells.  As  a 
reference,  lanes  2  and  3  contain,  respectively,  DNA  from 
unirradiated  and  irradiated  cells  not  treated  with  trolox. 


Figure  5.  Effect  of  radiation  and  trolox  on  MOLT-4  cell  viability.  Cells 
were  irradiated  with  5  Gy  and  viability  determined  as  described  in 
Methods.  Unirradiated  cultures  maintained  high  percentage  of  viable 
cells  throughout  course  of  these  experiments.  Trolox  treatment  of  unirra¬ 
diated  cells  decreased  cell  viability  slightly.  Irradiation  without  trolox 
treatment  resulted  in  steady  decrease  in  viability,  but  viability  of  irradi¬ 
ated  cells  treated  with  trolox  was  significantly  better  than  irradiated  cells 
not  treated  with  trolox.  Data  represent  mean  ±  SEM;  of  four  measurements 
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Lanes  4  and  5  contain  DNA  from  unirradiated  and  irradi¬ 
ated  (5  Gy)  cells  exposed  to  trolox  for  8  h  after  irradiation 
before  the  extraction  of  DNA  16  h  postirradiation.  The 
figure  indicates  that  trolox  treatment  not  only  blocked  the 
appearance  of  a  ladder  pattern  of  DNA  in  the  irradiated 
sample  but  also  reduced  the  amount  of  randomly  frag¬ 
mented  DNA  present  in  irradiated  cells  not  exposed  to 
trolox.  Trolox  appeared  also  to  eliminate  even  the  light 
background  of  fragmentation  seen  in  unirradiated  cells. 

Figure  4  shows  the  results  of  experiments  to  measure 
more  quantitatively  the  time  course  of  the  DNA  fragmenta¬ 
tion  observed  in  cells  irradiated  with  0,  1.5,  3,  and  6  Gy, 
and  trolox-treated  cells  irradiated  with  0,  3,  and  6  Gy.  This 
method  calculates  fragmentation  by  comparing  the  amounr 
of  DNA  that  does  not  pellet  after  a  14,000  X  g  centrifuga¬ 
tion  (fragmented  DNA)  with  the  total  DNA  in  the  super¬ 
natant  and  pellet  fractions.  We  have  previously  used  this 
procedure  to  quantitate  apoptosis  in  thymocytes  (13).  The 
total  amount  of  DNA  present  in  unirradiated  or  irradiated 
cells  did  not  differ  significantly  over  the  course  of  these 
experiments  (data  not  shown).  There  were  no  significant 
changes  in  fragmentation  in  the  first  4  h  postirradiation. 
After  4  h,  DNA  fragmentation  increased  steadily  for  the 
duration  of  the  measurements  in  a  manner  related  to  radia¬ 
tion  dose.  In  marked  contrast,  irradiated  cells  treated  with 
trolox  demonstrated  a  degree  of  fragmentation  no  different 
than  that  observed  in  trolox-treated  unirradiated  cells. 
Trolox  treatment  of  irradiated  and  unirradiated  cells  ap¬ 
peared  to  lower  DNA  fragmentation  to  levels  even  lower 
than  that  observed  in  unirradiated  cells  not  treated  with 
trolox.  This  result  is  consistent  with  the  results  from  the 
DNA  agarose  gels,  where  trolox  treatment  by  itself  was  also 
seen  to  lower  the  amount  of  background  fragmentation  in 
unirradiated  cells. 

To  assess  the  effect  of  radiation  and  trolox  treatment  on 
the  viability  of  MOLT-4  cells,  we  measured  the  capacity  of 
these  cells  to  exclude  the  vital  dye  trypan  blue.  Figure  5 
shows  percent  viability  determined  in  cells  various  times 
after  exposure  to  5  Gy.  Unirradiated  cells  remained  about 
98%  viable  under  the  conditions  of  the  incubations  in 
these  experiments.  Radiation  caused  a  relatively  steady 
decrease  in  viability  over  time,  with  about  70%  of  the  cells 
retaining  their  capacity  to  exclude  trypan  blue  24  h  postir¬ 
radiation.  Unirradiated  cells  treated  with  trolox  exhibited  a 


TABLE  1.  Incubation  with  trolox  before 
inhibit  DNA  fraf^mentation^ _ 

or  during  irradiation  does  not 

Treatment 

DNA  Fragmentation,  % 

6  Gy  (no  trolox) 

56.2  ±  2.1 

Trolox  incubation  only  before  6  Gy 

48.9  ±  3.7 

Trolox  only  during  6  Gy 

51.3  ±  4.6 

Trolox  incubation  only  after  6  Gy 

7.2  ±  0.4 

“Cells  were  irradiated  with  6  Gy  as  described  in  Methods.  Cells  were 
either  preincubated  with  10  mM  trolox  for  30  min  before  removing  the  trolox 
immediately  before  irradiation,  incubated  with  trolox  during  inadiation  before 
removing  it,  or  incubated  with  trolox  for  8  h  beginning  only  after  irradiation.  DNA 
fragmentation  w'as  then  determined  24  h  postiiradiation. 


60 -f 


6  Gy  1  2  4  8 

No  T  rolox  - - - - - 

Duration  of  Trolox  Incubation  (h) 


Figure  6.  Optimal  duration  of  trolox  exposure  after  in'adiation.  Trolox 
was  added  to  irradiated  cells  immediately  after  irradiation  then  removed 
at  indicated  times  postirradiation.  DNA  fragmentation  was  calculated  24 
h  postirradiation,  A  4  h  incubation  with  troiox  appears  to  be  sufficient  to 
reduce  fragmentation  to  uniiradiated  levels  (5.2  ±  0.6%,  data  not  shown). 
Data  represent  mean  ±  SEM  of  3  experiments. 


small  decrease  in  viability  compared  to  untreated  cells,  but 
irradiated  cells  treated  with  trolox  retained  a  significantly 
greater  capacity  to  exclude  trypan  blue  24  h  postirradia¬ 
tion  than  did  cells  not  treated  with  trolox. 

We  also  counted  the  total  numbers  of  cells  present  after 
trolox  treatment,  with  or  without  irradiation,  to  ensure  that 
decreases  in  the  quantity  of  fragmented  DNA  observed  in 
agarose  gels  of  irradiated,  trolox-treated  cells  were  not  re¬ 
lated  to  a  drop  in  absolute  cell  numbers.  The  number  of 
irradiated  cells  incubated  with  trolox  for  8  h,  followed  by 
an  additional  16  h  incubation  without  trolox,  did  not  differ 
significantly  from  either  the  numbers  of  unirradiated  cells 
incubated  with  trolox  or  that  of  cells  receiving  no  treatment 
(data  not  shown). 

We  performed  several  experiments  to  determine  the  op¬ 
timal  time  of  administration  of  trolox  relative  to  radiation 
exposure.  Table  1  shows  the  results  of  experiments  in 
which  cells  were  incubated  with  trolox  only  before,  only 
during,  or  only  after  irradiation  (6  Gy).  DNA  fragmentation 
in  cells  incubated  with  trolox  only  before  or  only  during 
irradiation  was  reduced  somewhat  but  did  not  differ  greatly 
from  the  fragmentation  measured  in  irradiated  cells  receiv¬ 
ing  no  drug  treatment.  However,  the  addition  of  trolox  im¬ 
mediately  after  irradiation  completely  inhibited  DNA 
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Figure  7.  Increased  thymidine  incorporation  in  irradiated  MOLT-4  cells 
treated  with  trolox.  Cells  were  exposed  to  radiation  with  or  without  trolox 
treatment  and  pH] thymidine  incorporation  (0.25  |iCi/mI)  determined  24 
h  postirradiation,  as  described  in  Methods.  Radioactivity  in  trolox-treated 
cells  exposed  to  3  Gy  was  significantly  greater  (P  >  .05,  indicated  by 
asterisk)  than  cells  not  treated,  indicating  trolox  preserves  functional 
integrity  of  irradiated  cells.  Data  represent  mean  ±  SEM  of  two  independent 
experiments. 


fragmentation,  which  shows  that  trolox  inhibits  events  that 
are  active  only  after  exposure. 

If  trolox  protects  MOLT-4  cells  by  inhibiting  membrane 
lipid  peroxidation  chain  reactions  triggered  at  the  time  of 
irradiation,  then  it  would  seem  more  important  to  have 
trolox  present  at  times  soon  after  irradiation  than  at  later 
times.  Figure  6  shows  the  results  of  experiments  in  which 
trolox  was  added  immediately  after  irradiation  (6  Gy)  and 
then  removed  at  various  times  postirradiation.  Incubations 
were  continued  until  24  h  postirradiation  in  medium  with¬ 
out  trolox  before  measurements  of  DNA  fragmentation.  A  1 
h  incubation  significantly  decreased  fragmentation,  and  a 

2  h  incubation  reduced  fragmentation  further,  to  about 
one-third  of  that  measured  in  untreated  irradiated  cells.  A 
4  h  incubation  reduced  fragmentation  to  unirradiated  con¬ 
trol  levels  (5.2  ±  0.6%). 

If  trolox  prevents  radiation-induced  apoptosis,  we  might 
expect  that  cells  treated  with  trolox  would  have  greater 
capacity  to  take  up  thymidine  from  the  medium  than  those 
untreated.  To  test  this  possibility,  we  measured  the  incor¬ 
poration  of  thymidine  into  DNA  of  irradiated  cells  (1  and 

3  Gy)  with  or  without  trolox  treatment.  Figure  7  shows  a 
significantly  greater  incorporation  of  radiolabeled  thymid¬ 
ine  in  the  irradiated  (3  Gy),  trolox-treated  cells  24  h  postir- 
radiation  than  in  irradiated  cells  not  treated  with  trolox  (P 
>  0.05),  suggesting  that  trolox-treated  cells  have  greater 
functional  viability  than  those  not  treated. 


Our  initial  efforts  to  measure  viability  by  thymidine  in¬ 
corporation  using  a  specific  activity  of  1  |xCi/ml  showed  a 
significant  decrease  in  incorporation  in  all  cells,  including 
unirradiated  controls,  at  48  and  72  h  postirradiation  (data 
not  shown).  This  suggested  experimental  conditions  were 
affecting  cell  viability,  which  we  confirmed  using  trypan 
blue  dye  exclusion.  We  believe  this  was  an  experimental 
artifact  that  reflects  a  sensitivity  of  MOLT-4  cells  to  inter¬ 
nal  irradiation  by  the  radiolabeled  probe  itself,  a  factor 
previously  noted  by  others  using  other  radiolabels  and  cell 
models  (21,  22).  Decreasing  the  specific  activity  of  radio- 
labled  thymidine  in  our  experiments  (from  1  |LlCi/ml  to 
0.25  |LlCi/ml)  preserved  viability  and  enhanced  our  capac¬ 
ity  to  measure  differences  in  thymidine  incorporation  be¬ 
tween  trolox-treated  and  -untreated  cells  (data  not  shown). 

In  initial  studies  to  determine  the  role  of  Ca  in  radia¬ 
tion-induced  apoptosis  in  MOLT-4  cells,  we  measured  the 
time  course  of  Ca  uptake  in  irradiated  cells  either  not 
treated  or  treated  with  trolox  (Fig,  8).  Beginning  around 
12  h  postirradiation  (5  Gy),  there  is  a  marked  increase  in 
the  uptake  of  extracellular  Ca  in  cells  not  treated  with 
trolox,  which  reached  a  plateau  at  16  h  and  remained 

elevated  for  the  duration  of  the  measurements.  Trolox 

2  + 

treatment  exerted  a  pronounced  effect  on  Ca  uptake  in 
irradiated  cells  by  preventing  the  sharp  rise  seen  at  12  h 
in  untreated  cells. 

The  known  sensitivity  of  biological  membranes  to  radia¬ 
tion  combined  with  the  effectiveness  of  the  membrane  an¬ 
tioxidant  trolox  at  inhibiting  radiation-induced  changes  in 


Figure  8.  Ca”'*'  uptake  in  inadiated  MOLT-4  cells.  Cellular  Ca^'*'  stores 
were  equilibrated  with  '^^Ca^'*'  before  in'adiation  (5  Gy)  and  Ca^'*'  uptake 
measured  at  various  times  postirradiation,  as  described  in  Methods. 
Trolox  treatment  led  to  inhibition  of  radiation-induced  Ca^'*'  uptake. 
Radioactivity  associated  with  unirradiated  cells  treated  or  not  treated  with 
trolox  was  subtracted  from  irradiated  cells  before  calculation  of  pmol 
uptake  to  give  net  uptake  depicted  in  the  graph.  Data  represent  mean  + 
SEM  of  two  independent  experiments. 
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MOLT-4  cells  led  us  to  determine  whether  measurable 
lipid  peroxidation  was  occurring  in  the  irradiated  cells.  For 
these  studies  we  used  the  sensitive  lipid  probe  cw-pari- 
naric  acid,  a  naturally  fluorescent  fatty  acid.  ci5-Parinaric 
acid  readily  incorporates  into  the  lipid  bilayer  of  biomem¬ 
branes  and  loses  its  fluorescence  properties  when  oxidized 
(23).  The  results  of  these  experiments  are  summarized  in 
Fig.  9.  Cells  were  incubated  with  5  |lM  cw-parinaric  acid 
for  1  h  before  irradiation  (5  Gy)  and  then  resuspended  in 
fresh  medium  immediately  before  irradiation.  Measure¬ 
ments  of  lipid  peroxidation  then  began  immediately  after 
exposure.  Unirradiated  controls  demonstrated  a  slight  de¬ 
crease  in  cw-parinaric  acid  fluorescence,  probably  due  to 
the  autoxidation  of  the  probe  in  air  (24).  Radiation,  how¬ 
ever,  induced  a  pronounced,  rapid  decrease  in  cw-pari- 
naric  acid  fluorescence  within  the  first  5  min  post¬ 
irradiation  that  continued  throughout  the  30  min  postirra¬ 
diation  measurements.  These  experiments  indicate  lipid 
peroxidation  is  an  early  consequence  of  irradiation  that 
appears  to  precede  all  other  known  indicators  of  apoptosis. 

DISCUSSION 

Radiation  induces  apoptosis  in  many  different  kinds  of 
cells,  but  little  is  understood  of  the  mechanisms  by  which 
it  occurs.  The  rapidly  growing  body  of  literature  on  apop¬ 
tosis  supports  the  view  that  apoptosis  is  a  process  that  uses 
normal,  intracellular,  biochemical  pathways.  This  suggests 
that  there  is  potential  for  the  development  of  pharmacologi¬ 
cal  approaches  to  modify  not  only  the  cellular  response  to 
radiation  but  also  the  role  apoptosis  plays  in  a  variety  of 
other  physiological  processes. 

In  this  study  we  have  used  the  membrane-soluble,  per- 
oxyl  radical  scavenger  drug  trolox  to  protect  MOLT-4  cells 
from  radiation-induced  apoptosis.  Our  experiments  to  un¬ 
derstand  how  trolox  exerts  its  protective  effect  have  in  turn 
provided  us  insight  into  the  mechanisms  of  apoptosis  in 
these  cells.  We  selected  trolox  for  these  studies  based  on 
our  previous  experience  with  the  compound  in  inhibiting 
DNA  fragmentation  in  irradiated  mouse  thymocytes  (13). 
Trolox  is  superior  to  its  parent  compound,  vitamin  E,  for 
such  studies  for  two  reasons:  it  is  markedly  more  soluble 
in  aqueous  solution,  and  it  can  be  up  to  8  times  more 
effective  as  an  antioxidant  than  vitamin  E  (12). 

MOLT-4  lymphocytes  irradiated  with  clinically  relevant 
doses  of  ionizing  radiation  demonstrate  the  classic  morpho- 
.logical  characteristics  of  apoptosis,  including  cellular  con¬ 
densation,  nuclear  pyknosis,  and  the  generation  of 
apoptotic  bodies  (Fig.  1).  Chromatin  extracted  from  apop- 
totic  MOLT-4  cells  shows  the  typical  ladder  pattern  of 
DNA  fragmentation  after  agarose  gel  electrophoresis  (Fig. 
3A).  Quantitative  measurements  of  fragmentation  indicate 
that  irradiation  leads  to  increases  in  fragmentation  that 
depend  on  both  the  radiation  dose  and  time  postirradiation 
(Fig.  4).  Radiation  also  induces  an  abrupt  uptake  of  ex¬ 
tracellular  Ca  around  12  h  postirradiation  (Fig.  8). 


Trolox  effectively  inhibits  these  responses  in  MOLT-4 
cells.  Prompt  treatment  with  trolox  inhibits  the  morpho¬ 
logical  (Fig.  2)  and  chromatin  changes  (Fig.  35)  as  well  as 


Figure  9,  Time  course  of  lipid  peroxidation  in  irradiated  MOLT-4  cells 
and  effect  of  trolox  treatment.  Cells  were  incubated  with  5  pM  cw-pari- 
naric  acid  for  1  h  before  irradiation  (5  Gy),  then  resuspended  in  fresh 
medium  without  probe  immediately  before  iiTadiation.  A)  Time  course: 
fluorescence  measurements  performed  in  irradiated  and  unirradiated 
cells  at  indicated  times  post  irradiation,  as  described  in  Methods  (no  trolox 
treatment).  Data  represent  mean  ±  SEM  of  two  independent  experiments. 
B)  Effect  of  trolox:  cells  were  treated  as  above,  but  trolox  was  added 
immediately  after  irradiation  (as  described  in  Methods)  and  fluorescence 
determined  30  min  postirradiation.  Data  represent  mean  ±  sem  of  four 
independent  experiments.  Data  in  each  panel  represent  percent  loss  of 
natural  cw-parinaric  acid  fluorescence  in  each  respective  sample  relative 
to  the  level  detected  immediately  before  irradiation.  Differences  between 
means  of  data  in  panels  A  and  B  at  30  min  are  a  reflection  of  typical 
experimental  variation. 
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the  uptake  of  extracellular  Ca  (Fig.  8).  This  inhibition 
does  not  appear  to  result  from  any  impairment  of  normal 
cell  function  caused  by  trolox  toxicity,  because  the  viabil¬ 
ity  of  unirradiated  or  irradiated  cells  treated  with  trolox 
was  not  significantly  different  from  those  cells  not  treated 
with  trolox  (as  judged  by  counts  of  viable  and  unviable 
cells)  (Fig.  5).  Trolox  treatment  reduced  the  background 
levels  of  DNA  fragmentation  that  are  detected  normally  in 
MOLT-4  cells  (Fig.  SA,  and  Fig.  4).  Trolox  also  appears 
to  rescue  irradiated  cells  based  on  our  experiments  that 
showed  a  greater  incorporation  of  thymidine  in  irradiated, 
trolox-treated  cells  than  in  irradiated  cells  not  treated  with 
trolox  (Fig.  7). 

We  have  shown  here  that  radiation  induces  a  rapid  rise 
in  the  oxidation  of  membrane  lipids  (Fig.  9).  If  our  obser¬ 
vations  of  the  effect  of  trolox  are  the  result  of  an  inhibition 
of  lipid  peroxidation  chain  reactions  triggered  by  radiation, 
then  we  might  expect  that  the  presence  of  trolox  only  be¬ 
fore  or  only  during  irradiation  would  be  less  effective  than 
having  trolox  present  only  after  irradiation,  when  chain 
reactions  are  propagating  and  magnifying  the  damage.  This 
appears  to  be  the  case.  Our  results  show  that  a  postirradia¬ 
tion  incubation  is  clearly  the  most  effective  at  inhibiting 
radiation-induced  apoptosis.  Those  events  occurring  after 
exposure  are  therefore  the  most  significant  for  the  induc¬ 
tion  of  apoptosis  in  irradiated  cells.  A  preincubation  with 
trolox,  followed  by  its  removal  before  irradiation,  appar¬ 
ently  results  in  a  decrease  in  the  concentration  of  trolox  in 
the  membranes  of  cells  to  levels  that  are  no  longer  protec¬ 
tive.  It  is  not  known  whether  such  a  decrease  results  from 
the  diffusion  of  trolox  out  of  the  membrane  after  the  cells 
are  placed  into  trolox-free  medium  or  the  inactivation  by 
radiation  of  the  trolox  present  in  the  membrane.  The  same 
reasons  can  be  used  to  explain  the  observation  that  having 
trolox  present  only  during  the  period  of  irradiation  had 
little  effect  on  the  development  of  apoptotic  charac¬ 
teristics.  Also,  the  relatively  short  period  the  cells  are  ex¬ 
posed  to  trolox  in  such  experiments  (10-15  min)  might  not 
allow  enough  time  for  trolox  to  build  to  protective  levels  in 
the  membrane. 

We  found  that  the  duration  of  trolox  treatment  after  irra¬ 
diation  plays  an  important  role  in  the  extent  of  protection 
provided  to  the  cells.  The  capacity  of  trolox  to  inhibit 
apoptosis  was  greatest  when  the  drug  was  incubated  with 
the  cells  beginning  immediately  after  irradiation  and  con¬ 
tinuing  for  not  less  than  4  h.  Longer  incubations  with  trolox 
produced  no  significant  enhancement  of  protection.  These 
results  indicate  that  radiation-induced  lipid  peroxidation 
chain  reactions  persist  in  MOLT-4  cells  for  hours  after 
irradiation.  However,  once  the  chain  reactions  are  blocked, 
trolox  can  then  be  safely  removed  from  the  incubation 
medium.  All  these  characteristics  of  trolox  actions  are  con¬ 
sistent  with  the  idea  that  lipid  peroxidation  plays  a  key  role 
in  the  induction  of  apoptosis  in  irradiated  MOLT-4  cells. 

The  reactions  that  link  the  events  of  membrane  lipid 
peroxidation  and  the  induction  of  characteristics  of  apop¬ 
tosis  in  irradiated  MOLT-4  cells  are  not  known.  It  has  been 
shown  that  plasma  membrane  integrity  plays  an  important 
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role  in  maintaining  cellular  Ca  homeostasis  (25).  An 
elevation  of  cytosolic  Ca  derived  from  extracellular 
sources  has  been  proposed  to  be  responsible  for  the  acti¬ 
vation  of  a  nuclear  Ca  -dependent  endonuclease  thought 
to  be  responsible  for  the  internucleosomal  fragmentation  of 
chromatin  d^uring  apoptosis  (13,  26),  though  the  require¬ 
ment  for  Ca  in  this  process  is  apparently  not  clear  (27). 
It  does  not  appear  that  an  increased  permeability  to  ex¬ 
tracellular  Ca  ,  resulting  possibly  from  radiation-induced 
structural  damage  to  the  plasma  membrane,  plays  a  direct 
role  in  the  induction  of  apoptosis  in  irradiated  MOLT-4 
cells.  In  our  experiments,  Ca  uptake  appears  to  be  an 
event  secondary  to  DNA  fragmentation.  Fragmentation  be¬ 
gins  to  increase  at  about  4  h  postirradiation  (Fig.  4)  and 
continues  to  increase  steadily  with  time.  DNA  agarose  gels 
show  a  faint,  early  appearance  of  a  DNA  ladder  beginning 
as  early  as  2  h  postirradiation,  which  increases  with  time. 
Ca  uptake,  on  the  other  hand,  does  not  increase  signifi¬ 
cantly  until  an  abrupt  rise  around  12  h  postirradiation, 
becoming  maximal  at  16  h  (Fig.  8).  The  lack  of  a  good 
correlaUon  between  the  time  courses  of  DNA  fragmentation 
and  Ca  uptake  suggests  extracellular  Ca  does  not  ac¬ 
tivate  the  nuclear  endonuclease.  This  of  course  does  not 
discount  an  important  role  for  Ca  in  the  process  of  DNA 
fragmentation  that  is  observed  in  most  apoptotic  cells.  We 
are  currently  investigating  how  various  intracellular  Ca^^ 
stores  are  involved  in  radiation-induced  apoptosis. 

It  is  interesting  that  the  increased  uptake  of  extracellular 
Ca  is  much  more  closely  correlated  with  the  increased 
background  of  randomly  fragmented  DNA  observed  on 
agarose  gels  around  12  h  postirradiation  (Fig.  3A)  than  it 
is  with  the  induction  of  internucleosomal  fragmentation. 
The  presence  of  randomly  cleaved  DNA  is  thought  to  be  a 
consequence  of  necrotic  death  pathways  that  are  often  as¬ 
sociated  with  an  elevation  of  intracellular  Ca  to  toxic 
levels  (28).  It  is  possible  that  the  Ca  uptake  we  observe 
around  12  h  is  responsible  for  triggering  the  characteristics 
of  necrotic  death  that  we  and  others  (9,  10)  have  observed 
in  irradiated  MOLT-4  cells.  We  are  in  the  process  of  ob¬ 
taining  data  to  determine  more  precisely  the  temporal  cor¬ 
relation  between  Ca  uptake  and  the  random  scission  of 
DNA  induced  by  radiation. 

Regardless  of  ^hether  the  radiation-induced  uptake  of 
extracellular  Ca  is  involved  in  apoptotic  or  necrotic  path¬ 
ways  (or  both),  trolox  treatment  completely  prevents  its 
occurrence  (Fig.  8).  This  implies  that  the  uptake  is  a  conse¬ 
quence  of  damage  to  cellular  membranes  by  radiation.  The  12 
h  lag  in  the  manifestation  of  the  damage  supports  the  hypothe¬ 
sis  that  a  build-up  of  membrane  oxidations  postirradiation 
may  be  responsible^  We  do  not  know  why  an  analogous  surge 
of  extracellular  Ca  occurs  after  only  2-3  h  in  irradiated 
mouse  thymocytes  (13).  One  possibility  might  be  that  endo¬ 
genous  antioxidant  levels  are  higher  in  MOLT-4  cells,  provid¬ 
ing  a  longer  period  of  defense  against  the  radiation-induced 
free  radical  reactions  before  the  defenses  are  overwhelmed 
and  the  damage  progresses.  Much  interesting  work  remains  to 
be^done  to  assess  the  role  of  intracellular  and  extracellular 
Ca  in  apoptosis  in  irradiated  MOLT-4  cells.  Understanding 
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what  specific  events  trolox  blocks  will  undoubtedly  help  our 
understanding  of  the  mechanisms  of  radiation-induced  apop¬ 
tosis. 

In  conclusion,  we  have  characterized,  using  morphologi¬ 
cal  and  biochemical  evidence,  MOLT-4  apoptosis  induced 
by  exposure  to  clinically  relevant  doses  of  ionizing  radia¬ 
tion.  We  have  described  the  capacity  of  the  membrane 
penetrating  antioxidant  drug  trolox  to  block  the  appearance 
of  characteristics  typical  of  apoptosis  and  necrosis  in  these 
cells.  These  experiments  clearly  implicate  membrane  lipid 
peroxidation  as  playing  a  key  role  in  the  process.  We  are 
currently  involved  in  studies  to  characterize  further  the 
nature  of  the  damage  that  occurs  in  irradiated  membranes 
and  the  signals  such  damage  produce  that  result  in  the 
induction  of  genetic  mechanisms  of  self  destruction  in¬ 
volved  in  apoptosis.  El 
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Abstract:  Paul  C.  Mele  and  John  H.  McDonough.  Gamma  Radiation-Induced  Disruption  in 
Schedule-Controlled  Performance  in  Rats.  Neurotoxicology  16(3):  497-510,  1995.  Adult  male  rats 
responded  under  a  multiple  fixed-interval  2-min,  fixed-ratio  50  (multiple  FI  FR)  schedule  of  milk 
delivery.  Four  groups  of  rats  were  given  acute  whole-body  doses  of 2.25,  4.5,  6.75,  or  9.0  gray 
(Gy)  of  ^^^Co  gamma-photon  radiation;  a  fifth  group  of  rats  received  sham  irradiation.  During 
the  session  that  began  10  min  after  exposure  (day  1),  multiple  FI  FR  performance  was  not 
significantly  affected  in  any  treatment  group.  Neither  the  sham  nor  the  2.25-Gy  irradiation 
produced  significant  alterations  in  performance  over  6  weeks  postexposure.  Over  days  2-4 
postexposure,  the  4.5-Gy  and  6.75-Gy  doses  reduced  response  rates  approximately  50%  and 
increased  postreinforcement  pause  durations  under  both  the  FI  and  FR  schedules.  The  9.0-Gy 
dose  produced  a  progressive  decline  in  both  FI  and  FR  responding  over  the  first  week 
postexposure,  with  response  rates  decreasing  to  approximately  10%  of  pre-irradiation  control 
levels  on  day  5.  Frequently,  FI  rates  decreased  more  than  FR  rates  after  exposure  to  4. 5-9.0  Gy. 
Substantial  recovery  of  pre-irradiation  response  rates  was  evident  in  all  treatment  groups  over 
weeks  2-4  postexposure;  behavioral  recovery  was  essentially  complete  during  postexposure 
weeks  5  and  6.  Eight  weeks  after  irradiation,  two  groups  of  rats  were  irradiated  a  second  time. 

In  the  group  given  two  6.75-Gy  exposures,  performance  decrements  were  similar  after  each 
exposure.  In  the  group  given  two  9.0-Gy  exposures,  performance  declined  more  rapidly  and 
showed  less  recovery  after  the  second  exposure  than  after  the  first.  Re-irradiation  produced  a 
dose-dependent  increase  in  the  incidence  of  lethality.  Overall,  gamma  radiation  disrupted 
schedule-controlled  responding  in  a  dose-related  manner;  both  the  magnitude  and  time  course 
of  this  disruption  varied  as  a  function  of  dose.  Exposure  to  higher  doses  of  gamma  radiation 
resulted  in  residual  damage  that  was  expressed  following  re-irradiation  challenge.  ©  1 995  Intox 
Press,  Inc. 

Key  Words:  Gamma  Radiation^  Operant  Behavior^  Behavioral  Recovery,  Re-irradiation  Challenge, 
Residual  Damage 


INTRODUCTION 

Early  effects  of  whole-body  exposure  to  ionizing 
radiation  in  humans  are  characterized  by  dose-dependent 
and  time-dependent  sequelae  known  collectively  as  the 


acute  radiation  syndrome  (Anno  et  al,  1989).  As  the 
delivered  dose  of  radiation  increases,  there  is  a  reduction 
in  the  latency  to  onset  and  an  increase  in  the  severity 
and  duration  of  the  different  components  of  the 
syndrome.  Of  these  components,  behavioral  and 


Please  send  requests  for  reprints  to  Dr.  Paul  C.  Mele,  Office  of  Research  and  Technology  Applications,  Walter  Reed  Army  Institute  of  Research,  Washington, 
pc  20307-5100  USA. 

'  Early  studies  used  the  roentgen  as  the  unit  of  ionizing  radiation  (x  ray  photons)  measured  free  in  air.  More  recent  studies  have  used  the  rad  or  the  gray  (Gy), 
which  are  units  of  absorbed  dose  in  tissue,  as  the  unitof  measurement  for  both  photon  {x  rays  and  gamma  rays)  and  particle  {e.g.,  proton  and  neurton)  radiation 
(International  Commission  on  Radiation  Units  and  Measurement,  1 980).  To  facilitate  comparison  between  results  reported  in  the  present  study  with  those 
reported  previously,  all  radiation  doses  cited  have  been  converted  to  Gy.  To  convert  roentgen  to  rad,  a  quasi-conversion  factor  of  0.96  was  used.  Rad  was 
converted  to  Gy  by  multiplying  by  0.01 . 
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neurological  endpoints  are  among  the  most  sensitive 
indicators  of  exposure.  Anorexia,  for  example,  is  one 
of  the  first  symptoms  to  appear  after  exposure  to 
relatively  low,  sublethal  doses  of  radiation.  Nausea, 
vomiting,  weakness,  and  fatigue  become  manifest  at 
similar  or  successively  higher  doses.  These  effects 
typically  last  for  hours  or  days  after  irradiation,  although 
mild  weakness  and  fatigue  may  persist  for  weeks  or 
even  months  after  low-level  exposures.  As  the  level 
of  exposure  is  increased,  additional  behavioral  and 
neurological  dysfunctions  such  as  headache,  dizziness, 
disorientation,  and  fainting  may  occur. 

Animal  studies  have  shown  that  schedule-controlled 
operant  behavior  provides  a  sensitive  means  of 
identifying  and  quantifying  dose-related  and  time- 
related  effects  of  ionizing  radiation.  Early  studies 
demonstrated  that  acute  exposure  to  photon  radiation 
(either  250-kilovolt  peak,  kVp,  x  rays  or  ^^Co  gamma 
rays)  produced  a  dose-dependent  reduction  in 
responding  under  fixed-ratio  (FR)  (Brown  et  al.,  1966; 
Wicker  and  Brown,  1965)  or  variable-interval  (VI) 
(Jarrard,  1963)  schedules  of  food  or  water  reinforcement 
in  rats  for  several  days.  When  rats  (Brown,  1966;  Brown 
et  al,  1960)  or  rhesus  monkeys  (Braun  et  al,  1966; 
Yochmowitz  and  Brown,  1977)  were  irradiated 
throughout  operant  test  sessions,  responding  decreased 
as  a  function  of  the  cumulative  dose  delivered.  A 
recent  study  demonstrated  that  moderate  sublethal 
doses  of  ^°Co  gamma  radiation  decreased  responding 
under  both  FR  and  fixed-interval  (FI)  schedules  of 
milk  delivery  in  rats  (Mele  et  ah,  1988).  That  study 
also  demonstrated  that  performance  under  the  FR 
schedule  was  more  sensitive  to  gamma  radiation  than 
was  performance  under  the  FI  schedule,  in  that  FR 
response  rates  were  decreased  at  a  lower  dose  than 
the  dose  required  to  decrease  FI  response  rates.  A 
related  study  reported  that  a  higher  dose  of  gamma 
radiation  was  required  to  disrupt  responding  under 
an  FR  schedule  of  termination  of  foot  shock  than  the 
dose  that  was  sufficient  to  disrupt  responding  under 
an  FR  schedule  of  milk  delivery  (Mele  et  ah,  1990).  Acute 
exposure  to  gamma  radiation  has  recently  been  found 
to  decrease  response  rates  and  increase  error  rates  in 
a  dose-dependent  manner  in  rats  performing  a  repeated- 
acquisition  of  response-chains  task  (Winsauer  and  Mele, 
1993). 

Disruptions  in  behavior  induced  by  sublethal  doses 
of  ionizing  radiation  have  been  shown  to  be  reversible, 
with  a  return  to  pre-irradiation  levels  of  performance 
serving  to  define  behavioral  recovery  after  exposure 


(Kimeldorf  and  Hunt,  1965;  Jarrard,  1963;  Mele  et  ah, 
1988,  1990).  However,  the  possibility  remains  that 
residual  damage  may  exist  following  certain  levels 
of  exposure.  For  example,  in  studies  that  used 
radiation-induced  lethality  as  the  endpoint,  animals 
that  had  been  exposed  to  sublethal  doses  of  ionizing 
radiation  succumbed  following  a  second  exposure  if 
the  individual  sublethal  doses  were  sufficiently  high 
and  occurred  within  the  appropriate  time  interval  (see 
review  by  Sacher,  1958).  Thus,  lethality  induced  by 
a  re-irradiation  challenge  indicated  an  interaction 
between  the  two  exposures,  and  suggested  that 
recovery  following  the  initial  exposure  was  incomplete 
at  the  time  of  the  second  exposure.  Re-irradiation 
challenge  has  also  been  used  to  demonstrate 
incomplete  recovery  in  functional  aspects  of  specific 
organ  systems  (Baum,  1967;  Hubner  et  ah,  1981;  Stewart 
and  Oussoren,  1990;  Terry  et  ah,  1989).  In  contrast, 
few  studies  have  used  re-irradiation  challenge  to 
evaluate  residual  damage  following  recovery  from 
radiation-induced  behavioral  deficits.  One  study 
reported  that  the  performance  of  rats  responding  under 
a  continuous-reinforcement  (or  FR-1)  schedule  was 
more  severely  disrupted  after  the  second  of  two 
exposures  to  moderate  or  high  doses  (approximately 
4  or  8  Gy)  of  gamma  radiation  when  the  exposures 
occurred  one  week  apart  (Wicker  and  Brown,  1965), 
In  contrast,  when  low  to  moderate  doses  of  gamma 
radiation  (0.5-4. 5  Gy)  were  given  repeatedly  at  6-week 
intervals  to  rats  responding  under  either  FR  or  FI 
schedules,  the  effects  on  performance  were  similar 
after  each  of  three  exposures  (Mele  et  ah,  1988). 

The  present  study  extended  the  evaluation  of  the 
effects  of  gamma  radiation  on  schedule-controlled 
performance  in  rats.  One  goal  was  to  define  more 
precisely  the  dose-effect  and  time-course  functions 
that  relate  changes  in  performance  to  acute  exposures. 
To  achieve  this  goal,  the  effects  of  a  range  of  radiation 
doses  (2.25-9.0  Gy)  were  examined  over  an  extended 
period  (6  weeks)  postexposure.  A  second  goal  was 
to  extend  the  evaluation  of  effects  on  performance 
of  repeated  exposures  to  gamma  radiation.  Here, 
the  effects  of  two  exposures  to  higher  doses  of  gamma 
radiation  (6.75  Gy  and  9.0  Gy)  than  those  used 
previously  were  examined.  Performance  was 
maintained  under  a  multiple  FI  2-min,  FR  50  schedule 
of  milk  presentation.  A  multiple  schedule  consists 
of  two  or  more  component  schedules  presented 
successively  during  a  session,  each  in  the  presence 
of  a  discriminative  stimulus  (Ferster  and  Skinner,  1957). 
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The  use  of  a  multiple  schedule  allowed  for  the  extension 
of  results  obtained  previously  when  FI  2-min  and  FR- 
50  schedules  were  used  independently  as  simple  {i.e., 
single)  schedules  (Mele  et  ah,  1988). 

MATERIALS  AND  METHODS 

Animals 

Experimentally  naive  male  Sprague-Dawley  rats 
(Charles  River  Breeders,  Raleigh,  North  Carolina)  were 
housed  individually  in  plastic  Micro-Isolator  cages 
containing  sterilized  wood-chip  bedding.  Free  access 
to  commercial  rodent  chow  and  acidified  water  (pH 
=  2. 5-3.0)  were  provided.  Acidified  water  is  commonly 
used  to  reduce  the  possibility  of  opportunistic  bacterial 
infection  in  irradiated  animals  (McPherson,  1963). 
When  the  rats  were  approximately  100  days  old,  body 
weights  were  gradually  reduced  to  and  then 
maintained  at  80%  of  free-feeding  levels  by  providing 
a  measured  amount  of  chow  (6-15  g  for  individual 
rats)  30-60  min  after  each  daily  session.  On  weekends, 
when  operant  testing  was  not  conducted,  additional 
chow  was  provided  to  maintain  body  weights  at  the 
appropriate  level.  At  the  time  of  the  initial  irradiation, 
group  mean  (±  SE)  body  weights  ranged  from  373 
(±  7)  g  to  384  (±  14)  g.  Individual  body  weights  across 
all  groups  ranged  from  345-438  g.  Animal  housing 
rooms  were  kept  at  21  ±  1°  C  with  50  ±  10%  relative 
humidity.  A  12-hr  light  cycle  was  in  effect  with  lights 
on  from  0600-1800. 

Apparatus 

Ten  identical  operant  conditioning  chambers 
(Coulbourn  Instruments,  Inc.,  Lehigh  Valley, 
Pennsylvania,  model  ElO-lO)  were  used.  A  response 
lever  protruded  into  the  chamber  on  the  left  side  of 
the  front  wall  6.2  cm  above  the  steel  grid  floor,  three 
cue  lights  were  located  3.4  cm  above  the  lever,  a  house 
light  and  a  Sonalert  speaker  were  located  in  the  upper 
middle  portion  of  the  front  wall,  and  an  opening  in 
the  front  wall  1.1  cm  above  the  floor  allowed  access 
to  a  dipper  that  presented  0.06  ml  of  sweetened  condensed 
miilk  (a  1:1,  v:v  mixture  of  Borden  Eagle  Brand  and 
tap  water).  Each  chamber  was  enclosed  in  a  sound- 
and  light-attenuating  cubicle  that  contained  an  exhaust 
fan  for  ventilation.  All  cubicles  were  located  in  a  single 
room  with  masking  noise  present  continuously.  A  PDP- 


11/73  computer  (Digital  Equipment  Corp.,  Inc.,  Maynard, 
Maryland)  running  SKED-11  software  (State  Systems, 
Inc.,  Kalamazoo,  Michigan)  was  located  in  a  nearby 
room  where  it  controlled  experimental  contingencies 
and  recorded  data.  Cumulative  recorders  (Gerbrands 
Corp.,  Arlington,  Massachusetts)  were  used  to  evaluate 
within  session  patterns  of  responding. 

Behavioral  Procedure 

Rats  were  trained  to  respond  under  a  multiple  FI 
2-min,  FR  50  schedule  of  milk  reinforcement  (Ferster 
and  Skinner,  1957).  Under  the  FI  schedule,  the  first 
lever-press  that  occurred  after  a  2-min  interval  resulted 
in  the  presentation  of  the  milk-filled  dipper  for  4  sec; 
responses  that  occurred  within  the  2-min  interval  had 
no  programmed  consequences.  Under  the  FR  schedule, 
the  dipper  was  presented  after  50  responses  had  been 
made.  The  house  light  was  turned  on  when  the  FI 
component  was  in  effect,  and  the  cue  lights  and  Sonalert 
were  turned  on  when  the  FR  component  was  in  effect. 
Performance  under  the  FI  2-min  schedule  was  established 
first,  followed  by  training  under  the  multiple  FI  FR 
schedule.  A  low  value  of  each  schedule  was  used  initially 
(z.e.,  FI  10  sec  and  FR  1),  Schedule  values  were  increased 
gradually  until  final  values  were  in  effect.  Daily  sessions 
began  with  an  FI  component,  and  FI  and  FR  components 
alternated  until  each  had  occurred  three  times.  There 
was  a  150-sec  limited  hold  on  each  FI  and  FR  component. 
Components  terminated  with  the  first  reinforcer 
delivered  after  10  min  or  after  the  limited  hold  had 
timed  out,  whichever  occurred  first.  The  value  of 
the  limited  hold  was  set  to  prevent  or  reduce  the 
likelihood  of  terminating  a  component  within  a  given 
FI  or  FR.  Under  these  schedule  parameters,  a  maximum 
of  15  total  reinforcers  could  be  obtained  under  the 
FI  schedule  during  a  session  (i.e.,  five  reinforcers 
obtained  within  each  of  the  three  FI  components). 
A  10-sec  timeout  occurred  after  the  termination  of 
each  component  at  which  time  all  stimuli  were 
extinguished  and  responses  had  no  programmed 
consequences.  Daily  sessions  lasted  approximately 
1  hr,  were  conducted  between  0800-1300,  and  occurred 
5  days  per  week,  Monday  through  Friday.  Training 
under  the  final  multiple  FI  FR  schedule  continued 
for  at  least  eight  weeks  to  stabilize  baseline  control 
performance  (until  there  were  no  consistent  trends 
in  rates  and  patterns  of  responding  from  day  to  day 
over  several  weeks);  animals  were  habituated  to  the 
irradiation  procedures  during  this  period. 
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Radiation  Procedure 

Rats  were  assigned  to  one  of  five  treatment  groups 
(n  =  6-7  per  group)  so  that  baseline  response  rates  under 
each  schedule  were  similar  across  groups.  To  the  extent 
possible,  animals  from  different  dose  groups  were 
balanced  across  operant  chambers  and  time  of  day  for 
testing.  Initially,  all  rats  were  habituated  to  the  irradiation 
procedure  over  at  least  eight  occasions  (one  or  two 
per  week)  prior  to  irradiation.  Habituation  sessions 
consisted  of  placing  the  rats  into  clear-plastic  well- 
ventilated  tubes  that  provided  loose  restraint.  Tubes 
were  stacked  one  above  the  other  in  a  plastic  stand. 
Restrained  in  this  way,  the  rats  were  transported  to 
and  from  the  ^^Co  facility  at  the  Armed  Forces 
Radiobiology  Research  Institute  (AFRRI).  The  usual 
daily  test  session  began  shortly  after  the  rats  were 
removed  from  the  restraining  tubes.  Total  restraint 
time  was  20-30  min,  which  included  the  time  necessary 
for  delivery  of  the  highest  radiation  dose  to  be  tested. 
Comparison  between  baseline  sessions  and  the  last 
four  sessions  during  which  the  rats  were  restrained 
in  exposure  tubes  and  transported  to  and  from  the 
^°Co  facility  showed  that  this  method  of  restraint  did 
not  alter  performance  in  any  consistent  manner. 

On  the  day  of  irradiation,  four  groups  of  rats  were 
administered  bilateral  whole-body  midline  tissue  doses 
of  2.25,  4.5,  6.75,  or  9.0  Gy  of  gamma-photon  radiation 
at  a  nominal  dose  rate  of  2.5  Gy /min  from  the  AFRRI 
^°Co  source.  All  rats  were  put  into  the  sealed  exposure 
room  for  a  duration  equal  to  that  required  for  delivery 
of  the  highest  dose  of  radiation.  Behavioral  test  sessions 
began  approximately  10  min  after  irradiation.  Eight 
weeks  after  initial  irradiation,  rats  that  had  been  given 
either  the  6.75-Gy  or  9.0-Gy  dose  were  given  a  second 
irradiation  at  the  same  dose  given  initially.  Irradiation 
days  were  designated  as  day  1  and  always  occurred 
on  Mondays. 

Prior  to  irradiation,  the  desired  midline  tissue 
dose  rate  (MTD)  was  established  using  an  acrylic  rat 
phantom  and  a  tissue-equivalent  ionization  chamber 
with  calibration  traceable  to  the  National  Institute 
of  Standards  and  Technology.  Dosimetric 
measurements  were  made  according  to  established 
protocols  for  determining  absorbed  dose  from  high- 
energy  photon  beams  (American  Association  of 
Physicists  in  Medicine,  1983).  The  ratio  used  for 
estimation  of  the  tissue-to-air  dose  rate  (the  MTD  at 
the  abdominal  level)  was  0,93. 


Data  Collection  and  Analysis 

Individual  performance  measures  calculated  for  each 
session  for  FR  and  FI  responding  included  mean  overall 
response  rates,  postreinforcement  pause  durations,  and 
running  response  rates.  The  number  of  reinforcers 
obtained  per  session  under  the  FI  schedule  was  also 
examined  because  FI  response  rates  and  reinforcer  rates 
can  vary  independently  from  each  other.  Overall 
response  rates  were  calculated  by  dividing  the  total 
number  of  responses  emitted  under  each  schedule  by 
the  total  time  each  schedule  was  in  effect,  excluding 
the  time  the  dipper  was  raised.  Postreinforcement  pause 
durations  were  defined  as  the  time  elapsed  from  the 
end  of  a  dipper  presentation  until  the  first  response 
of  the  next  FR  or  FI.  Running  response  rates  were 
response  rates  calculated  with  the  postreinforcement 
pause  durations  omitted. 

For  FI  performance,  an  index  of  curvature  was 
calculated  to  provide  a  quantitative  measure  of  the 
temporal  distribution  of  responses  within  the  interval 
(Fry  et  al,  1960).  Typical  performance  under  FI  schedules 
is  characterized  by  relatively  low  response  rates  during 
earlier  portions  of  the  interval  and  relatively  high 
response  rates  during  later  portions  of  the  interval.  To 
calculate  the  index  of  curvature,  responses  within  the 
FI  were  counted  in  four  successive  30-sec  segments  of 
the  interval.  In  this  case,  the  index  can  reach  a  maximum 
of  +0.75,  which  indicates  that  all  responses  occurred 
in  the  last  30-sec  segment;  an  index  of  0.0  indicates 
that  responses  were  equally  distributed  over  the  four 
segments. 

Radiation-induced  changes  in  performance 
measures  were  analyzed  statistically  over  week  1  (days 
1-5)  after  exposure;  the  exposure  day  was  designated 
day  1.  Pre-irradiation  control  data  consisted  of  all 
nonsham-irradiation  sessions  (n  =  6)  that  occurred  during 
the  two-week  period  that  immediately  preceded  the 
first  exposure  (three  nonsham  sessions  per  week). 
Response  rates  and  the  index  of  curvature  were  analyzed 
with  repeated-measures  analysis  of  variance  for  overall 
main  ejects  and  interactions,  F-tests  for  simple-main 
effects,  and  post  hoc  Dunnett's  test  for  multiple 
comparisons.  Separate  analyses  were  performed  on 
absolute  response  rates  under  each  schedule.  Radiation 
dose  (five  levels)  was  the  between-subjects  factor  and 
day  (six  levels  including  pre-irradiation  control  and 
days  1-5  postexposure)  was  the  within-subject  factor. 
For  direct  comparison  of  effects  of  radiation  on  FI  and 
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TABLE  1 .  Pre-irradiation  Performance  Under  a  Multiple  FI  2-min, 
FR  50  Schedule  of  Reinforcement. 


Gamma  Radiation  Dose  (Gy) 


Sham 

{N  =  7) 

2.25 
(N  =  6) 

4.5 

(N  =  7) 

6.75 

(N=7) 

9.0 

(N  =  6) 

FR  Responses 

3.29 

3.50 

3.04 

3.03 

3.60 

Per  Sec 

(0.65) 

(0.77) 

(0.41) 

(0.42) 

(0.54) 

FI  Responses 

0.94 

0.65 

1.00 

0.69 

0.73 

Per  Sec 

(0.24) 

(0.10) 

(0.25) 

(0.16) 

(0.15) 

F)  Index  Of 

0.39 

0.31 

0.34 

0.39 

0.38 

Curvature 

(0.08) 

(0.10) 

(0.06) 

(0.08) 

(0.10) 

Entries  are  group  means  with  one  SE  in  parentheses. 

FR  response  rates,  response  rates  after  irradiation  (five 
levels:  days  1-5)  were  expressed  as  a  percentage  of  pre¬ 
exposure  control  values  in  order  to  reduce  the  variability 
that  can  occur  when  averaging  absolute  response  rates. 
Postreinforcement-pause  durations  were  analyzed  with 
the  Friedman  analysis  of  variance  and  the  Wilcoxin 
matched-pairs  signed-ranks  test;  nonparametric  tests 
were  used  because  of  the  substantial  increase  in 
variability  in  pause  durations  that  sometimes  occurred 
after  exposure.  The  alpha  level  for  all  tests  was  set 
at  p  <  0.05. 

RESULTS 

Under  baseline  control  conditions,  overall  FR 
response  rates  were  substantially  higher  than  overall 
FI  response  rates  (Table  1).  Consistent  with  this  schedule- 
dependent  difference  in  overall  response  rates, 
postreinforcement  pause  durations  were  shorter  (Table 
2)  and  running  response  rates  were  higher  (Table  3) 
under  the  FR  schedule  than  under  the  FI  schedule.  The 
FI  index  of  curvature  (Table  1)  indicates  that  response 
rates  were  relatively  low  early  in  the  interval  and 
relatively  high  later  in  the  interval. 

Dose-dependent  and  time-dependent  effects  of 
gamma  radiation  on  overall  FI  and  FR  response  rates 
are  presented  in  Fig.  1.  Analysis  of  variance  showed 
that  the  main  effect  of  gamma-radiation  dose  on  absolute 
response  rates  was  not  significant  under  either  schedule, 
the  main  effect  of  day  over  days  1-5  after  exposure 
was  significant  for  each  schedule,  F(5,140)  =  17.71  and 
14.33  for  FI  and  FR,  respectively,  p's  <  0.0001,  and  the 


TABLE  2.  Effects  of  Gamma  Radiation  on  Postreinforcement 
Pause  Durations  Under  a  Multiple  FI  2-min,  FR  50  Schedule  of 
Reinforcement. 


Gamma  Radiation  Dose  (Gy) 


Sham 
(N  =  7) 

2.25 
(N  =  6) 

4.5 

(N  =  7) 

6.75 
(N  =  7) 

9.0 

(N  =  6) 

FI  Control 

43.8 

31.5 

39.0 

39.53 

35.9 

(6.4) 

(8.3) 

(7.9) 

(10.6) 

(7.4) 

Day  1 

47.2 

31.3 

43.1 

40.4 

37.4 

(6.8) 

(6.7) 

(8.7) 

(11.4) 

(6.4) 

Day  2 

59.1 

41.0 

69.8* 

55.3* 

62.9* 

(12.4) 

(11.3) 

(14.9) 

(9.7) 

(10.9) 

Day  3 

50.5 

35.8 

59.0* 

50.6 

57.5 

(7.9) 

(8.1) 

(9.5) 

(6.0) 

(9.6) 

Day  4 

44.4 

34.8 

50.0* 

49.3 

73.4* 

(7.3) 

(9.4) 

(7.2) 

(7.6) 

(11.0) 

Day  5 

46.5 

34.0 

45.5 

45.5 

118.0* 

(7.7) 

(9.2) 

(9.9) 

(8.3) 

(34.0) 

FR  Control 

3.7 

5.4 

2.9 

4.0 

3.3 

(0.7) 

(1.5) 

(0.4) 

(1.1) 

(0.5) 

Day  1 

3.9 

8.4 

2.9 

5.4 

3.2 

(0.8) 

(3.5) 

(0.4) 

(2.4) 

(0.5) 

Day  2 

3.8 

11.1 

6.8* 

10.3* 

5.8* 

(0.9)- 

(4.9) 

(2.1) 

(4.7) 

(1.4) 

Day  3 

4.1 

5.5 

7.7* 

7.7* 

8.4* 

(0.8) 

(1.4) 

(3.5) 

(2.5) 

(3.2) 

Day  4 

3.8 

7.4 

4.1 

12.0* 

16.4* 

(0.8) 

(2.7) 

(0.6) 

(4.4) 

(5.8) 

Day  5 

3.5 

4.8 

4.8 

8.6 

187.7* 

(0.6) 

(1.0) 

(1.0) 

(3.4) 

(99.0) 

Entries  are  group  mean  postreinforcement  pause  durations  In  seconds 
with  one  SE  in  parentheses.  *p  <  0.05,  Wilcoxin  matched-parrs  signed- 
ranks  test. 

gamma-radiation  dose  x  day  interaction  was  significant 
for  both  the  FI  and  FR  schedule,  F(20,140)  =  4.04  and 
7.41,  respectively,  p's  <  0.0001.  Response  rates  were 
not  altered  significantly  under  either  schedule  in  any 
treatment  group  on  the  day  of  exposure  (day  1),  nor 
in  the  sham-exposed  group  and  the  group  irradiated 
with  2.25  Gy  at  any  time  after  exposure.  After  irradiation 
with  4.5  Gy,  both  FR  (days  2  and  3)  and  FI  (days  2- 
4)  response  rates  decreased  significantly  (Dunnett's  test, 
p's  <  0.01)  from  pre-exposure  levels.  On  day  5,  response 
rates  in  each  component  had  recovered  to  approximately 
80%  of  pre-exposure  levels.  FI  response  rates  (percentage 
of  pre-irradiation  control  values)  were  reduced 
significantly  more  than  FR  response  rates,  F(l,6)  =  9.26, 
p  <  0.025.  After  irradiation  with  6.75  Gy,  significant 
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TABLE  3.  Effects  of  Gamma  Radiation  on  Running  Response 
Rates  Under  a  Multiple  FI  2>min,  FR  50  Schedule  of  Reinforcement. 

Gamma  Radiation  Dose  (Gy) 


Sham 
(N  =  7) 

2.25 
(N  =  6) 

4.5 

(N  =  7) 

6.75 
(N  =  7) 

9.0 

(N  =  6) 

FI  Control 

1.29 

0.88 

1.33 

0.93 

1.02 

(0.22) 

(0.10) 

(0.25) 

(0.13) 

(0.44) 

Day  1 

1.29 

0.74 

1.19 

0.76 

1.05 

(0.23) 

(0.10) 

(0.25) 

(0.17) 

(0.18) 

Day  2 

1.51 

0.72 

0.79* 

0.68 

0.69 

(0.26) 

(0.09) 

(0.13) 

(0.12) 

(0.14) 

Day  3 

1.55 

0.70 

0.81* 

0.66 

0.55* 

(0.27) 

(0.10) 

(0.21) 

(0.13) 

(0.10) 

Day  4 

1.49 

0.78 

1.03 

0.74 

0.45* 

(0.24) 

(0.10) 

(0.23) 

(0.16) 

(0.10) 

Day  5 

1.51 

0.86 

1.18 

0.91 

0.31* 

(0.26) 

(0.10) 

(0.23) 

(0.13 

(0.15) 

FR  Control 

4.10 

4.89 

3.62 

3.69 

4.60 

(0.84) 

(1.17) 

(0.50) 

(0.45) 

(0.74) 

Day  1 

3.97 

4.85 

3.97 

3.86 

4.67 

(0.75) 

(1.25) 

(0.57) 

(0.53) 

(0.69) 

Day  2 

4.15 

4.80 

2.67 

3.68 

3.56 

(0.84) 

(1.18) 

(0.38) 

(0.79) 

(0.37) 

Day  3 

4.07 

4.54 

2.17* 

3.38 

3.18* 

(0.81) 

(0.97) 

(0.52) 

(0.78) 

(0.32) 

Day  4 

4.10 

4.74 

2.84 

2.92 

1.95* 

(0.77) 

(1.11) 

(0.39) 

(0.61) 

(0.35) 

Day  5 

4.24 

4.68 

3.21 

4.27 

0.59* 

(0.74) 

(0.97) 

(0.48) 

(1.05) 

(0.23) 

Entries  are  group  mean  responses  per  second  with  one  SE  in  parentheses. 
*p  <  0.01  versus  control,  Dunnett’s  test.  Results  of  ANOVAs  are  as 
follows.  FR:  gamma  radiation  dose  x  day  Interaction,  F(20,1 40)  =  6.36,  p 
<  0.0001 ,  and  main  effect  of  day,  F(5, 1 40)  =  9.72,  p  <  0.0001 .  FI :  gamma 
radiation  dose  x  day  interaction,  F{20,140)  =  4.06,  p  <  0.0001 ,  and  main 
effects  for  radiation  dose,  F(4,28)  =  3.29,  p  <  0.05,  and  day,  F(5,140)  = 
4.94,  p  <  0.0005. 


1  5  10  15  20  25  30  35  40 

Day  Postirradiation 


(Dunnett's  test)  decreases  occurred  in  FI  (day  2,  p  < 
0.01  and  day  3,  p  <  0.05)  and  FR  (day  4,  p  <  0.05)  response 
rates.  Both  FI  and  FR  response  rates  recovered  to  greater 
than  90%  of  pre-irradiation  levels  on  day  5.  Although 
FI  response  rates  (percent  of  control)  decreased  more 
than  FR  response  rates,  these  differences  did  not  achieve 
statistical  significance.  After  irradiation  with  9.0  Gy, 
there  was  a  progressive  decline  in  responding  in  each 
component  over  days  such  that  both  FI  and  FR  response 
rates  were  reduced  to  approximately  10%  of  pre-exposure 
levels  on  day  5;  significant  (Dunnett's  test)  decreases 
in  response  rates  occurred  on  day  2  (p  <  0.05)  and  days 
3-5  (p's  <  0.01)  under  FR  and  days  2-5  (p's  <  0.01)  under 


FIG.  1 .  Dose-dependent  effects  of  gamma  radiation  on  overall  response 
rates  maintained  under  a  multiple  FI  2-min,  FR  50  schedule  of  milk 
presentation  In  rats.  Separate  groups  of  rats  (n  =  6-7  per  group)  were 
exposed  to  the  indicated  doses  of  ^Co  gamma  radiation.  The  session  on 
dayl  (Monday)  began  approximately  10  min  after  irradiation.  Subsequent 
sessions  occurred  at  24-hr  intervals,  Monday  through  Friday.  The 
horizontal  line  at  100%  on  the  ordinate  indicates  the  mean  control 
response  rate  calculated  from  sixsessions  that  occurred  priortoirradiatlon. 

Each  point  represents  the  group  mean  response  rate  for  a  single  session. 

FI.  When  reductions  in  response  rates  were  expressed 
as  percent  of  control,  FI  response  rates  were  shown 
to  decrease  significantly  more  rapidly  than  FR  response 
rates,  as  indicated  by  the  significant  main  effect  of 
schedule,  F(l,5)  =  15.51,  p  =  0.01,  and  the  significant 
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schedule  x  day  interaction,  F(4,20)  =  3.79,  p  <  0.025. 
Furthermore,  at  each  of  the  three  highest  doses  of  gamma 
radiation,  the  changes  in  relative  response  rates  over 
days  were  highly  significant  (p's  <  0.002  for  main  effects 
of  day). 

Response  rates  at  the  beginning  of  week  2  (day 
8)  postexposure  were  essentially  at  or  close  to  control 
levels  in  the  three  most  heavily  exposed  groups. 
Subsequently,  however,  FI  response  rates  of  each  of 
these  groups  decreased  during  one  or  more  sessions 
in  week  2  and  intermittently  in  weeks  3  and  4.  The 
magnitudes  of  these  reductions  were  typically  less  than 
those  during  week  1  and  were  not  clearly  dose  related, 
though  their  frequency  appeared  to  be  greater  at  the 
two  higher  doses.  In  addition,  small  decreases  in  FR 
response  rates  were  evident  over  much  of  week  2  after 
irradiation  with  9.0  Gy.  One  rat  in  the  9.0-Gy  treatment 
group  died  prior  to  testing  on  day  9;  death  occurred 
after  this  rat's  response  rates  on  day  8  had  returned 
to  better  than  90%  of  pre-exposure  levels.  During  weeks 
5-6  postexposure,  response  rates  were  generally  at  pre¬ 
irradiation  control  levels  in  each  treatment  group. 

Gamma  radiation  produced  dose-related  increases 
in  both  FI  and  FR  postreinforcement  pause  durations 
during  week  1  after  exposure  (Table  2).  Peak  increases 
under  each  schedule  typically  occurred  on  day  2  or 
3  after  irradiation  with  4.5  or  6.75  Gy,  whereas  pause 
durations  increased  steadily  over  days  1-5  after  the  9.0- 
Gy  exposure.  During  week  2  after  irradiation,  pause 
durations  decreased  toward  control  values  in  these  three 
groups  to  the  extent  that  significant  increases  were  no 
longer  evident  (not  shown).  At  no  time  did  either  the 
sham  exposure  or  the  2.25-Gy  dose  alter  pause  durations 
significantly. 

Running  response  rates  under  each  schedule  were 
reduced  for  2-3  days  during  week  1  following  exposure 
to  the  4.5-9, 0  Gy  doses  (Table  3).  The  time  courses 
of  these  reductions  were  similar  to  those  observed  for 
overall  response  rates  (Fig.  1),  although  relative 
reductions  in  running  response  rates  were  somewhat 
less  than  those  in  overall  response  rates.  The  4.5-Gy 
and  9.0-Gy  doses  reduced  both  FI  and  FR  running 
response  rates  significantly  (Table  3).  In  contrast,  the 
reductions  in  running  response  rates  induced  by  the 
6.75-Gy  dose  failed  to  achieve  statistical  significance 
during  any  of  the  first  five  days  postexposure,  even 
though  in  the  ANOVA  the  main  effects  of  dose  and 
day  and  the  interaction  were  significant. 

Cumulative  records  indicated  that  radiation-induced 
changes  in  response  rates  and  pause  durations  were 


generally  evident  throughout  entire  sessions.  For  some 
rats,  the  magnitudes  of  these  changes  appeared  to  be 
similar  during  each  of  the  three  presentations  of  each 
component  schedule,  while  for  other  rats,  these  changes 
became  more  pronounced  as  the  session  progressed. 

The  FI  index  of  curvature  was  not  altered 
significantly  by  any  dose  of  gamma  radiation.  This 
indicates  that  the  relative  distribution  of  responses  within 
the  interval  was  unaffected  despite  the  often  marked 
suppression  of  response  rates  that  occurred  after 
irradiation.  In  contrast,  there  was  a  dose-related 
reduction  in  the  number  of  FI  reinforcers  earned  per 
session  during  week  1  after  exposure.  All  rats  in  the 
sham  and  2.25-Gy  exposure  groups  earned  the  maximum 
of  15  FI  reinforcers  during  each  of  these  postexposure 
sessions  (the  only  exception  was  one  rat  in  the  sham- 
exposure  group  that  obtained  11  FI  reinforcers  on  day 
2).  In  both  the  4.5-Gy  and  6.75-Gy  treatment  groups, 
approximately  one-half  of  the  rats  (three  and  four  of 
seven  respectively)  earned  10-14  reinforcers  under  the 
FI  schedule  during  one  or  more  of  these  sessions.  After 
the  9.0-Gy  exposure,  the  number  of  FI  reinforcers  earned 
per  session  decreased  during  week  1  until  day  5  when 
the  group  mean  ±  SE  was  9.5  ±  1.5;  only  one  of  six 
rats  earned  15  FI  reinforcers  during  each  of  the  first 
five  sessions  postirradiation.  With  rare  exception,  dll 
rats  in  each  treatment  group  earned  the  maximum  of 
15  FI  reinforcers  per  session  over  weeks  2-6  after 
irradiation, 

A  second  exposure  to  6.75  Gy  of  gamma  radiation 
eight  weeks  after  the  first  exposure  did  not  alter  either 
FI  or  FR  response  rates  significantly  different  from  those 
observed  after  the  first  exposure  (Fig.  2);  the  main  effect 
of  exposure  number  and  the  exposure  number  x  day 
interaction  were  not  significant  for  either  schedule,  while 
the  main  effect  of  day  was  significant  for  the  FR  schedule 
only,  F(4,24)  =  4.22,  p  =  0.01.  One  rat  exhibited  large 
increases  in  FI  response  rates  during  weeks  1  and  2 
after  the  second  exposure,  an  effect  that  was  not  observed 
after  the  initial  exposure;  these  increases  account  for 
the  large  SEs  shown  in  Fig.  2.  However,  further  analysis 
of  FI  response  rates  with  the  data  from  this  animal 
omitted  also  failed  to  reveal  significant  differences 
between  the  two  exposures  on  any  given  day. 

In  contrast  to  the  behavioral  results,  re-irradiation 
with  6.75  Gy  had  a  marked  effect  on  survival  in  that 
three  of  seven  rats  died  between  days  20-32  after  the 
second  exposure.  For  several  days  prior  to  death,  there 
was  typically  a  progressive  deterioration  in  performance, 
a  failure  to  consume  the  entire  daily  ration  of  chow. 
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6.75  Gy 


FIG.  2.  Effects  of  two  exposures  to  6.75  Gy  of  ®°Co  gamma  radiation  on 
overall  response  rates  maintained  under  a  multiple  FI  2-min,  FR  50 
schedule  of  milk  presentation  in  seven  rats.  An  8-week  interval  separated 
the  two  exposures.  The  session  on  day  1  (Monday)  began  approximately 
1 0  min  after  irradiation.  Subsequent  sessions  occurred  at  24-hr  intervals. 
The  horizontal  line  at  100%  on  the  ordinate  indicates  the  mean  control 
response  rate  calculated  from  six  sessions  that  occurred  prior  to  each 
exposure.  Each  point  represents  the  group  mean  response  rate  for  a 
single  session.  VerticaMinesaboutthe  means  indicate +  1  SE.  Asterisks 
along  the  abscissa  indicate  deaths  that  occurred  after  the  second  exposure. 

and  a  drop  in  body  weight.  Also  at  this  time,  these 
rats  were  hypothermic,  as  assessed  by  gross  handling, 
and  had  noticeably  pale  eyes,  indicating  radiation- 
induced  anemia. 

The  five  rats  that  survived  the  initial  9.0-Gy 
irradiation  received  a  second  9.0-Gy  exposure  eight  weeks 
after  the  first.  Compared  to  the  initial  irradiation,  the 
second  exposure  produced  a  more  rapid  decline  in  both 
FR  and  FI  response  rates  over  week  1  postexposure 
(Fig.  3).  For  the  five  rats  undergoing  both  9.0-Gy 
irradiations,  there  was  a  significant  effect  of  exposure 
number  for  FR  response  rates,  F(l,4)  =  26,74,  p  <  0.01, 
and  a  significant  effect  of  day  for  both  FR  and  FI  response 
rates,  F(4,16)  =  49.27  and  39.89,  respectively,  both  p's 
<  0.0001. 

There  was  also  a  pronounced  difference  between 
the  two  9.0-Gy  exposures  in  terms  of  the  degree  of 
recovery  during  week  2.  Whereas  both  FR  and  FI  response 
rates  recovered  substantially  during  week  2  after  the 
initial  exposure,  response  rates  recovered  to  a  much 
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FIG.  3.  Effects  of  two  exposures  to  9.0  Gy  of  ^^^Co  gamma  radiation  on 
overall  response  rates  maintained  under  a  multiple  FI  2-min,  FR  50 
schedule  of  milk  presentation.  Six  rats  were  irradiated  initially,  and  the  five 
surviving  rats  received  a  second  exposure  eight  weeks  later.  The  session 
on  day  1  (Monday)  began  approximately  10  min  after  irradiation. 
Subsequent  sessions  occurred  at  24-hr  intervals.  The  horizontal  line  at 
1 00%  on  the  ordinate  indicates  the  mean  control  response  rate  calculated 
from  six  sessions  that  occurred  prior  to  each  exposure.  Each  point 
represents  the  group  mean  response  rate  for  a  single  session.  Vertical 
lines  about  the  means  indicate  ±  1  SE.  The  cross  and  the  asterisks  along 
the  abscissa  indicate  deaths  that  occurred  after  the  first  and  second 
exposures,  respectively. 

lesser  degree  after  the  second  exposure  before  dropping 
precipitously  to  essentially  zero  by  day  11.  All  rats 
in  this  group  died  between  days  11-15  after  the  second 
9.0-Gy  exposure. 

All  rats  consumed  their  entire  daily  ration  of  chow 
on  each  day  after  exposure  to  2.25,  4.5,  or  6.75  (both 
exposures  except  just  prior  to  death  as  noted  previously) 
Gy  of  gamma  radiation.  After  the  initial  9.0-Gy  exposure, 
five  of  six  rats  left  a  small  portion  of  their  daily  ration 
of  chow  (range  of  1-4  g)  unconsumed  on  day  5.  After 
the  second  9.0-Gy  exposure,  the  anorexia  on  day  5  was 
typically  more  pronounced  in  four  of  five  rats  (range 
of  8-14  g  of  food  unconsumed).  Body  weights  also 
were  reduced  on  day  5  after  each  9.0-Gy  exposure;  on 
average,  body  weights  decreased  6.7  ±  2.3  g  and  17.8 
±  1.9  g  after  the  first  and  second  9.0-Gy  irradiations, 
respectively.  Recovery  of  pre-irradiation  body  weights 
was  evident  in  the  majority  of  rats  during  week  2  after 
the  first  exposure.  However,  after  the  second  irradiation, 
changes  in  food  consumption  and  body  weights  during 
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week  2  varied  markedly  among  individual  rats.  At 
the  time  of  death,  some  rats  appeared  to  be  recovering 
from  the  acute  effects  of  radiation  while  others  were 
deteriorating. 

For  the  rats  that  died  after  the  two  6.75-Gy  or  9.0- 
Gy  exposures,  the  doses  received  and  the  time  course 
of  deaths  indicated  radiation-induced  hematopoietic 
dysfunction  with  resultant  infection  and/or  bleeding 
as  the  probable  cause  of  death.  Pathology  examinations 
of  animals  that  died  confirmed  the  existence  of 
hematopoietic  damage,  including  severe  and  diffuse 
depletion  of  lymphoid  and  spleen  tissues  and  mild- 
to-marked  hemosiderosis.  The  6.75-Gy  irradiations 
produced  mild-to-moderate  multifocal  hemorrhage, 
while  the  9.0-Gy  irradiations  produced  widespread  acute 
hemorrhage  that  was  especially  severe  in  the 
gastrointestinal  tract,  lungs,  thoracic  cavity,  pericardium, 
pancreas,  and  testes, 

DISCUSSION 

The  present  results  confirm  and  extend  those  of 
a  previous  study  from  this  laboratory  showing  that  ^°Co 
gamma  radiation  dose-dependently  disrupted 
performance  under  an  FR  schedule  of  reinforcement 
in  rats  (Mele  et  al,  1988).  That  study  found  that  0.5 
and  1.5  Gy  of  gamma  radiation  did  not  alter  either 
response  rates  or  postreinforcement  pause  durations 
under  a  simple  FR-50  schedule  of  milk  presentation. 
Similarly,  it  was  observed  here  that  2,25  Gy  produced 
small,  nonsignificant  reductions  in  FR  response  rates 
and  increases  in  FR  postreinforcement  pause  durations 
when  FR  performance  was  examined  as  a  component 
of  a  multiple  schedule.  In  contrast,  a  dose  of  4.5  Gy 
decreased  FR  response  rates  and  increased  FR  pause 
durations  under  the  simple  and  multiple  schedules  to 
a  similar  degree.  Taken  together,  the  findings  of  these 
two  studies  suggest  that  for  acute  whole-body  exposures, 
the  threshold  dose  of  gamma  radiation  that  disrupts 
FR-50  performance  lies  between  2.25  and  4.5  Gy. 

In  our  earlier  study  (Mele  et  ah,  1988),  we  also 
reported  that  6.5  Gy  of  gamma  radiation  disrupted  FR 
performance.  That  finding,  however,  must  be  interpreted 
with  some  caution  because  6.5  Gy  was  tested  only  in 
rats  that  had  been  exposed  previously  to  lower  doses 
of  gamma  radiation.  The  present  study,  therefore,  sought 
to  extend  the  evaluation  of  the  effects  of  gamma  radiation 
on  FR  performance  to  include  doses  greater  than  4.5 
Gy.  Exposure  to  4.5  and  6.75  Gy  produced  reversible 


disruptions  in  FR  responding  that  were  comparable  in 
magnitude  and  time  course.  In  contrast,  exposure  to 
9.0  Gy  produced  a  progressive  decline  in  FR  responding 
to  levels  that  were  markedly  below  those  found  with 
lower  doses. 

Dose-dependent  decreases  in  response  rates  and 
increases  in  postreinforcement  pause  durations  in  the 
FI  component  of  the  multiple  FI  FR  schedule  were  also 
found  in  the  present  study.  In  contrast,  the  characteristic 
temporal  distribution  of  responses  that  occurred  under 
the  FI  schedule,  as  quantified  by  the  index  of  curvature, 
was  not  altered  significantly  by  any  dose  of  radiation. 
These  findings  confirm  and  extend  those  of  a  previous 
study  that  used  a  simple  {i.e.,  single)  FI  2-min  schedule 
of  milk  presentation  (Mele  et  ah,  1988).  The  findings 
of  these  two  studies  differed,  however,  in  the  doses 
of  gamma  radiation  that  decreased  FI  response  rates. 
In  the  present  study,  FI  response  rates  were  reduced 
significantly  by  doses  of  4.5-9. 0  Gy.  The  earlier  report, 
in  contrast,  found  that  6,5  Gy,  but  not  4.5  Gy,  decreased 
FI  response  rates.  Thus,  there  was  an  apparent  shift 
to  the  left  in  the  dose-response  curve  for  gamma  radiation- 
induced  decreases  in  FI  response  rates  in  the  present 
study  compared  to  the  curve  reported  earlier. 

One  factor  that  could  account  for  the  differential 
sensitivity  of  FI  performance  to  gamma  irradiation  found 
in  these  two  studies  was  the  use  of  a  multiple  FI  FR 
schedule  versus  a  simple  FI  schedule.  Differential 
sensitivities  of  behaviors  under  simple  versus  multiple 
schedules  have  been  reported  for  a  number  of  agents 
(Ator,  1982;  Barrett  and  Stanley,  1980;  Laties  et  ah,  1981; 
Waller,  1961).  It  may  be  that  an  interaction  between 
the  FI  and  FR  components  of  the  multiple  schedule 
increased  the  sensitivity  of  FI  responding  to  gamma 
radiation. 

An  interaction  between  the  components  of  the 
multiple  schedule  used  here  was  evident  during  training 
when  FI  response  rates  of  most  rats  increased  after  the 
FR  component  was  introduced;  FI  response  rates 
increased  and  stabilized  at  a  level  that  was  2-3  times 
higher  than  under  the  simple  FI  schedule  used  in  our 
previous  study  (Mele  et  ah,  1988).  This  is  not  surprising, 
however,  since  with  multiple  schedules,  increases  in 
response  rates  in  interval-schedule  components  induced 
by  ratio-schedule  components  have  been  reported 
(Hemmes  and  Eckerman,  1972;  Waller,  1961).  Because 
baseline  response  rate  is  one  factor  that  may  influence, 
to  varying  degrees,  the  effects  of  a  number  of  agents 
on  operant  responding  (Dews  and  Wenger,  1977;  Sanger 
and  Blackman,  1976),  it  may  be  that  gamma  radiation 
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decreased  higher  pre-irradiation  FI  response  rates  to 
a  greater  degree  than  lower  rates  {i.e,,  a  rate-dependent 
effect).  However,  there  was  no  correlation  (r  =  -0.01) 
between  pre-irradiation  baseline  response  rates  and 
maximal  decreases  in  response  rates  during  week  1  after 
exposure  to  4.5  Gy,  even  though  individual  baseline 
response  rates  within  this  group  of  rats  varied  by  a 
factor  of  10  (0.19-1.98  responses  per  second)  (cf.  Urbain 
et  al,  1978;  Heffner  et  al,  1974).  In  addition,  although 
radiation  decreased  overall  response  rates,  there  were 
no  significant  changes  in  the  index  of  curvature.  These 
results,  which  indicate  that  the  varying  response  rates 
that  occurred  during  different  segments  of  the  FI  were 
altered  uniformly  after  irradiation,  are  not  consistent 
with  a  rate-dependent  relationship.  At  present,  there 
are  few  data  to  suggest  that  baseline  response  rate  is 
a  primary  determinant  of  the  effect  of  gamma  radiation 
on  schedule-controlled  performance. 

Previously,  we  reported  that  gamma  radiation 
disrupted  performance  under  simple  FI  and  FR  schedules 
in  a  schedule-dependent  manner;  that  is,  FR  performance 
was  disrupted  by  a  lower  dose  of  radiation  (4.5  Gy) 
than  the  dose  (6.5  Gy)  that  disrupted  FI  performance 
(Mele  et  al,  1988).  Schedule-dependent  effects  also 
occurred  under  the  multiple  schedule  in  the  present 
study,  although  the  characteristics  of  this  schedule 
dependency  differed  from  the  characteristics  found  for 
simple  schedules.  Under  the  multiple  schedule,  both 
FI  and  FR  performances  were  disrupted  significantly 
during  week  1  after  exposure  to  gamma  radiation  doses 
pf/4. 5-9.0  Gy,  and  FI  performance  was  frequently 
disrupted  more  than  FR  performance.  Subsequently, 
a  subtle  but  consistent  difference  was  that  FI  response 
rates  took  several  weeks  longer  to  stabilize  at  control 
levels  than  the  time  required  for  FR  rates  to  stabilize. 
Taken  together,  these  results  suggest  that  schedule- 
dependent  effects  of  gamma  radiation  vary  with  the 
context  {i.e,,  simple  or  multiple  schedules)  in  which 
the  individual  schedules  occur  (cf.  Ator,  1982;  Laties, 
et  al,  1981;  Waller,  1961). 

The  specific  factors  that  may  have  contributed  to 
the  schedule-dependent  effects  of  gamma  radiation 
within  the  context  of  a  multiple  schedule  are  unclear. 
A  classic  rate-dependent  relationship  can  be  ruled  out 
since  FR  response  rates  were  2-3  times  greater  than 
FI  response  rates  (see  above  also).  In  contrast,  the 
potential  contribution  of  differences  in  baseline 
reinforcement  densities  generated  by  the  FI  and  FR 
schedules  is  unknown.  Other  possibilities  relate  to  the 
suggestion  that  differential  effects  of  certain  drugs  on 


multiple  FI  FR  performance  may  be  due  to  a  greater 
"coherence"  of  FR  than  FI  responding,  the  relative 
independence  between  response  rates  and  reinforcement 
rates  under  FI  schedules  (Dews  and  DeWeese,  1977), 
or  to  the  fact  that  FI  response  rates  are  typically  more 
variable  (across  successive  intervals)  than  FR  response 
rates  (across  successive  ratios)  which  could  render  FI 
rates  more  susceptible  to  radiation-induced  suppression. 
Whatever  factors  determined  the  schedule-dependent 
effects  found  here,  the  finding  that  both  FI  and  FR 
postreinforcement  pause  durations  were  increased  and 
running  response  rates  were  decreased  indicates 
radiation  affected  the  structure  of  behavior  similarly 
under  both  schedules. 

It  is  important  to  recognize  that  other  factors  also 
may  have  influenced  to  varying  degrees  the  specific 
results  obtained  here;  these  factors  include  the  parameter 
values  of  the  FI  and  FR  schedules  (Barrett  and  Stanley, 
1980;  McMillan,  1969)  and  the  duration  or  frequency 
of  change  of  the  multiple  schedule  components  (Ator, 
1982).  In  contrast,  it  is  unlikely  that  radiation  affected 
control  exerted  by  the  light  and  tone  stimuli  used  to 
designate  components  under  the  multiple  schedule,  since 
discrimination  thresholds  have  been  reported  to  be 
unaltered  (visual)  or  slightly  lowered  (auditory)  by 
photon  radiation  (Kimeldorf  and  Hunt,  1965,  pp  131- 
165). 

An  earlier  study  reported  that  approximately  2- 
8  Gy  of  ^°Co  gamma  radiation  decreased  response  rates 
under  a  continuous  reinforcement  (or  FR-1)  schedule 
of  water  presentation  in  rats  (Wicker  and  Brown,  1965). 
That  study,  however,  did  not  report  which  specific  doses 
reduced  response  rates  significantly  relative  to  pre¬ 
irradiation  control  values,  nor  did  it  report  how 
disruptions  in  response  rates  changed  over  days  after 
exposure.  Several  other  studies  reported  that  x  rays 
(250  kVp)  decreased  response  rates  under  FR  (Brown, 
1966;  Brown  et  al,  1960;  Brown  et  al,  1966)  and  VI 
(Jarrard,  1963)  schedules  of  reinforcement.  Although 
these  findings  are,  in  general,  consistent  with  the  results 
reported  here,  direct  comparisons  between  these  earlier 
studies  and  the  studies  from  this  laboratory  are  difficult 
to  make  because  of  numerous  differences  in  irradiation 
and  behavioral  parameters.  These  differences  include 
type  of  ionizing  radiation  and  dose  rate,  acute  presession 
versus  protracted  within-session  exposures,  amount  and 
specific  areas  of  the  body  irradiated,  and  reinforcement 
schedule  and  type  of  reinforcer. 

The  present  study  found  substantial,  if  not  complete, 
recovery  of  pre-irradiation  rates  and  patterns  of 
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responding  in  all  irradiated  groups  of  rats  by  the  end 
of  the  first  week  or  the  beginning  of  the  second  week 
after  exposure.  Recovery  in  the  9.0-Gy  exposure  group 
was  particularly  striking,  and  raises  the  question  as 
to  whether  the  intervening  weekend  (days  6-7 
postexposure)  without  operant  testing  was  a  factor  in 
determining  the  rate  of  recovery.  Although  data  directly 
addressing  this  point  are  lacking,  other  findings  seem 
to  suggest  that  time  off  from  testing  is  not  a  major 
factor  that  influences  the  expression  of  at  least  some 
behavioral  decrements  after  irradiation.  Specifically, 
one  study  found  that  6.0  Gy  of  x  rays  (250  kVp)  decreased 
locomotor  activity  progressively  over  days  1-8 
postexposure  regardless  of  whether  rats  were  or  were 
not  tested  on  days  5  and  6  (Haley  et  al.,  1958). 

Although  reduction  in  food  intake  is  one  of  the 
more  sensitive  indicators  of  exposure  to  ionizing 
radiation  (Anno  et  al,  1989;  Jarrard,  1963;  Smith  and 
Tyree,  1954),  it  is  notable  that  there  was  no  indication 
of  anorexia  in  the  present  study,  as  measured  by 
consumption  of  the  daily  ration  of  chow,  except  for 
one  day  in  the  group  given  the  highest  radiation  dose. 
The  general  absence  of  an  observable  anorectic  effect 
was  likely  due  to  the  reduced  body  weights  at  which 
the  rats  were  maintained  and/or  the  restricted  amount 
of  chow  that  was  given  each  day  (Mele  and  Winsauer, 
1995).  It  has  also  been  reported  that  the  amount  of 
chow  consumed  during  the  first  hour  after  food 
presentation  was  reduced  in  irradiated  rats  maintained 
on  a  restricted  feeding  schedule,  but  that  typically  all 
chow  was  consumed  over  the  subsequent  23-hr  period 
(Mele  and  Winsauer,  1995).  Conceivably,  such  an 
apparent  alteration  in  the  temporal  pattern  of  eating 
could  have  decreased  the  effective  deprivation  level 
of  the  animals  in  the  present  study  at  the  time  of  operant 
testing,  which  then  could  have  reduced  responding. 
In  another  study,  however,  in  the  instances  when 
radiation  decreased  both  operant  responding  and  food 
intake  in  rats,  these  two  effects  could  be  at  least  partially 
dissociated  (MeleetaL,  1988).  It  is  also  worth  mentioning 
that  partial  food  satiation  (Sidman  and  Stebbins,  1954) 
and  gamma  radiation  (Mele  et  al,  1988;  present  study) 
have  been  reported  to  alter  FR  performance  somewhat 
differently;  both  treatments  increased  postreinforcement 
pause  durations  whereas  radiation  also  decreased 
running  response  rates.  The  results  of  those  earlier 
studies  indicate  effects  of  ionizing  radiation  other  than 
or  in  addition  to  anorexia  must  also  be  considered  when 
evaluating  radiation-induced  changes  in  appetitive 
operant  behavior.  Because  sublethal  doses  of  ionizing 


radiation  have  been  reported  to  decrease  several  types 
of  motor  activity  in  rats  (Kimeldorf  and  Hunt,  1965, 
pp  185-200),  disruptions  in  motor  output  also  may  be 
involved  in  the  effects  reported  here.  It  is  likely  that 
radiation-induced  changes  in  operant  performance 
derive  from  a  combination  of  effects  on  motivational 
and  motor  systems  at  least.  This  would  be  consistent 
with  results  showing  that,  in  addition  to  anorexia,  some 
of  the  more  sensitive  behavioral  indices  of  radiation 
exposure  in  humans  are  lethargy,  weakness,  and  fatigue 
(Anno  et  al,  1989). 

A  recent  study  from  this  laboratory  reported  that 
10  Gy  of  gamma  radiation  decreased  FR  response  rates 
over  week  1  postexposure  to  a  degree  similar  to  that 
observed  here  with  9.0  Gy  (McDonough  et  al,  1992). 
That  study,  however,  found  that  response  rates  after 
the  10-Gy  irradiation  remained  severely  reduced  after 
week  1,  and  all  irradiated  rats  died  shortly  thereafter. 
In  contrast,  the  present  study  found  that  9.0  Gy  was 
lethal  to  only  one  of  six  rats,  and  that  complete  recovery 
of  pre-irradiation  performance  levels  occurred  in  all 
survivors.  Even  the  one  rat  that  died  after  the  9.0- 
Gy  exposure  showed  substantial  behavioral  recovery 
prior  to  death.  These  observations  demonstrate  that 
severe,  nearly  complete  cessation  of  operant  performance 
following  irradiation  is  not  merely  an  indication  that 
the  animal  is  about  to  die.  Furthermore,  the  finding 
that  classical  radioprotectant  drugs  were  relatively  more 
effective  in  attenuating  radiation-induced  lethality 
compared  to  radiation-induced  disruption  in  operant 
performance  provides  additional  evidence  that  these 
two  effects  of  radiation  exposure  can  be  at  least  partially 
dissociated  (McDonough  et  al,  1992). 

Despite  recovery  of  pre-irradiation  performance 
values  after  the  initial  exposure,  prolonged  effects  were 
revealed  following  re-irradiation  with  either  6.75  Gy 
or  9.0  Gy.  The  most  striking  effect  was  that  re-irradiation 
was  lethal  to  rats  given  these  doses  a  second  time,  with 
the  incidence  of  lethality  being  directly  related  to  dose 
and  the  duration  of  survival  being  inversely  related 
to  dose.  Even  though  two  exposures  to  6.75  Gy  produced 
cumulative  effects  resulting  in  lethality,  there  was  no 
cumulative  (f.e.,  more  pronounced)  effect  in  terms  of 
behavioral  disruption.  Similarly,  three  exposures  to 
4.5  Gy  of  gamma  radiation  at  6-week  intervals  produced 
replicable,  noncumulative  effects  on  FR  and  FI 
performance  (Mele  et  al,  1988).  In  that  study,  however, 
all  animals  survived  the  three  4.5-Gy  exposures.  In 
contrast,  the  present  study  showed  that  re-irradiation 
with  9.0  Gy  increased  both  the  incidence  of  lethality 
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and  the  magnitude  of  the  behavioral  deficit.  Thus,  the 
effects  of  repeated  exposures  to  gamma  radiation  that 
are  separated  by  long  (6-8  week)  interirradiation  intervals 
vary  as  a  function  of  the  dose  administered  and  the 
specific  biological  endpoint  (schedule-controlled 
performance  versus  lethality)  examined. 

The  clear  temporal  separation  between  performance 
disruptions  and  deaths  after  the  second  6.75-Gy 
irradiation  suggests  that  there  were  different  mechanisms 
underlying  these  effects.  Although  the  temporal 
separation  between  these  effects  after  the  second  9.0- 
Gy  exposure  was  less  distinct,  the  partial  recovery  of 
performance  that  preceded  death  also  suggests  separate 
mechanisms  at  this  higher  exposure  level. 

Numerous  studies  have  investigated  recovery 
following  radiation  exposure  by  determining  how 
radiation  LD50S  change  as  a  function  of  prior  irradiation 
with  sublethal  doses  (see  review  by  Sacher,  1958).  For 
example,  studies  using  rats  or  mice  found  that  if  an 
initial  exposure  was  sufficiently  low  {i.e.,  less  than  one- 
half  of  the  acute  LD50),  then  recovery  from  the  effects 
of  that  exposure  (measured  over  periods  ranging  from 
several  hours  to  29  days)  was  said  to  be  complete,  in 
that  animals  receiving  a  second  exposure  had  LD50S 
similar  to  those  of  animals  not  previously  irradiated 
(Kohn  and  Kallman,  1957;  Mole,  1956;  Vogel  et  al,  1957). 
However,  if  an  initial  exposure  exceeded  approximately 
one-half  of  the  acute  LD50,  then  incomplete  recovery 
and  residual  damage  were  inferred  by  the  finding  that 
LD50S  of  a  second  irradiation  were  lowered  in  animals 
that  had  been  irradiated  previously.  In  a  study  that 
examined  a  long  (i.e.,  60-day)  inter-irradiation  interval 
similar  to  that  used  here,  a  decreased  LD50  in  rats  was 
fo,4nd  following  the  second  of  two  exposures  to 
approximately  6.5  Gy  of  250-kVp  x  rays  (Hursh  et  ah, 
1954).  Subsequent  studies  determined  that  hematopoietic 
tissue  was  an  important  site  of  residual  damage  following 
repeated  sublethal  exposures  (Baum,  1967;  Baum  and 
Alpen,  1959;  Hubner  et  al,  1981;  Miller  et  al,  1958; 
Siegers  et  al,  1981).  In  the  present  study,  the  effects 
on  survival  and  hematopoietic  tissue  of  the  two  exposures 
to  6.75  Gy  and  9.0  Gy  are  consistent  with  these  earlier 
findings,  given  that  the  LD50  for  ^^Co  gamma  rays  in 
Sprague-Dawley  rats  has  been  reported  to  be  9.5  Gy 
(Bpgo,  1988). 

The  data  presented  further  define  the  dose-effect 
and  time-course  functions  that  relate  changes  in  behavior 
to  exposure  to  gamma  radiation.  The  identification 
of  schedule-dependent  and  context  effects  indicates  that 
behavioral  factors  are  important  aspects  of  the  functional 


consequences  of  radiation  exposure.  The  results  also 
show  that  residual  damage  following  higher  levels  of 
exposure  can  be  separated  for  measures  of  behavior 
and  survival.  These  findings  emphasize  the  need  for 
continuing  the  identification  and  examination  of 
prolonged  behavioral  consequences  of  acute  and 
repeated  exposure  to  ionizing  radiation. 
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Alterations  in  the  expression  of  ras  oncogenes  are  character¬ 
istic  of  a  wide  varied  of  human  neoplasms.  Accumulating 
evidence  has  linked  elevated  ras  expression  with  disease  progres¬ 
sion  and  with  failure  of  tumors  to  respond  to  conventional 
therapies,  including  radiotherapy  and  certain  chemotherapies. 
These  observations  led  us  to  investigate  the  response  of  ros- 
transformed  cells  to  the  differentiation-inducer  phenylacetate 
(PA).  Using  gene  transfer  models,  we  show  that  PA  caused 
cytostasis  in  ras-transformed  mesenchymal  cells,  associated 
with  increased  expression  of  2',5'-oligoadenylate  synthetase,  an 
enzyme  implicated  in  negative  growth  control.  PA  also  induced 
phenotypic  reversion  characterized  by  loss  of  anchorage- 
independent  growth,  reduced  invasiveness  and  increased  expres¬ 
sion  of  collagen  a  type  I,  a  marker  of  cell  differentiation.  The 
anti-tumor  activity  of  PA  was  observed  in  cases  involving  either 
Ha-  or  Ki-ros  and  was  independent  of  the  mode  of  oncogene 
activation.  Interestingly,  in  contrast  to  their  relative  resistance 
to  radiation  and  doxorubicin,  ras-transformed  cells  were  signifi¬ 
cantly  more  sensitive  to  PA  than  their  parental  cells.  The 
profound  changes  in  tumor  cell  and  molecular  biology  were 
associated  with  reduced  isoprenylation  of  the  ras-encoded  p2 1 . 
Our  results  indicate  that  PA  can  suppress  the  growth  of 
ros-transformed  cells,  resistant  otherwise  to  free-radical  based 
therapies,  through  interference  with  p2 1  isoprenylation,  criti¬ 
cal  to  signal  transduction  and  maintenance  of  the  malignant 
phenotype. 

©  1995  Wiley-Liss,  Inc.  * 

The  ras  gene  family  encodes  for  closely  related  21-kDa 
proteins  that  bind  guanine  nucleotides,  exhibit  intrinsic  GT- 
Pase  activity  and  are  thought  to  play  a  central  role  in  signal 
transduction  and  growth  control  (Barbacid,  1987;  Khosravi- 
Far  and  Der,  1994).  p2U^^  is  first  made  in  the  cytosol  as  a 
pro-protein  and  matures  following  a  series  of  post-transla¬ 
tional  modifications,  including  farnesylation,  proteolytic  cleav¬ 
age  of  carboxyl  terminal  and  its  methylation  and  palmitoyla- 
tion  (Hancock  €/«/.,  1989). 

Activation  of  ras  often  leads  to  breakdown  of  normal  growth 
control.  Indeed,  alterations  in  the  expression  of  the  ras 
oncogene  family  are  characteristic  of  a  wide  spectrum  of 
human  neoplasms  and  are  often  associated  with  disease 
progression  and  poor  prognosis  (Khosravi-Far  and  Der,  1994). 
In  some  cases,  ras  activation  occurs  during  early  stages  of 
neoplastic  transformation,  when  it  might  be  required  for  the 
development  and  maintenance  of  the  malignant  phenotype. 
Increased  production  of  the  membrane-associated  protein 
p2F^®  may  also  be  responsible  in  part  for  the  failure  of  cancer 
radiotherapy  (Samid  et  ai,  1991;  Miller  et  al,  \992a)  and 
chemotherapy — e.g.,  cisplatin  and  doxorubicin  (Miller  and 
Samid,  1995).  To  overcome  these  problems,  differentiation 
therapy  seeking  to  reverse  the  phenotype  of  cancer  cells  may 
provide  an  alternative  to  treatment  of  tumors  in  cases  where 
conventional  therapies  were  not  effective.  Our  recent  atten¬ 
tion  has  focused  on  phenylacetate  (PA)  and  related  aromatic 
fatty  acids,  such  as  phenylbutyrate  (PB),  as  a  novel  class  of 
differentiation-inducers  (Samid  et  ai,  1992,  1993,  1994;  Liu  et 
al.,  1994). 

PA  is  a  metabolite  of  phenylalanine  (PAla)  with  demon¬ 
strable  anti-tumor  activity  in  tissue  culture  (Samid  etai,  1992, 


1993,  1994;  Liu  et  al.,  1994),  in  animal  models  (Samid  et  al., 
1994;  Ram  et  ai,  1994)  and  in  humans  (Thibault  et  al.,  1994, 
1995).  Pre-clinical  studies  indicate  that  PA  causes  selective 
tumor  cytostasis  and  differentiation  in  various  hematopoietic 
(Samid  et  ai,  1992)  and  solid  (Samid  et  al,  1992,  1993,  1994; 
Liu  et  al,  1994)  tumors  at  doses  (mM  range)  achievable  in 
humans  with  no  significant  toxicity  (Brusilow  et  al,  1984; 
Thibault  et  al,  1994, 1995).  Phenotypic  changes  induced  by  PA 
in  tumor  cells  are  characterized  by  alterations  in  gene  expres¬ 
sion,  reduction  in  proliferative  capacity,  loss  of  invasiveness 
and  inability  to  form  tumors  in  recipient  mice  (Samid  et  al, 
1992, 1993, 1994).  Initial  phase  I  clinical  trials  have  shown  that 
PA  treatment  resulted  in  clinical  improvement  in  patients  with 
advanced  glioma  multiforme  or  hormone-refractory  prostatic 
cancer,  who  failed  to  respond  to  conventional  therapies 
(Thibault  et  al,  1994,  1995).  It  was,  therefore,  of  interest  to 
examine  the  relationship  between  ras  expression  and  tumor 
responsiveness  to  PA. 

MATERIAL  AND  METHODS 
Cell  cultures  and  reagents 

Studies  included  the  following  murine  cell  lines:  NIH  3T3 
fibroblasts  and  subclones  transformed  by  LTR-activated  c- 
Ua-ras  (designated  V7T),  EJras  (RS504),  v-Ki-ra5  (DT)  or  the 
bacterial  neo  gene  (3T3-neo).  The  human  cellular  model 
included  a  cell  line  established  from  a  patient  with  osteosar¬ 
coma  (HOS,  with  undetectable  ras  expression)  and  subclones 
transformed  by  Elras  (AD5),  v-Ki-ra5  (KRIB)  or  neo  (HOS- 
neo).  All  of  these  cell  lines  were  previously  described  (Samid  et 
al,  1991;  Miller  et  al,  \992a).  Cultures  were  propagated  in 
Dulbecco’s  modified  Eagle  medium  supplemented  with  2  mM 
glutamine,  10%  heat  inactivated  FCS  (GIBCO,  Grand  Island, 
NY),  100  U/ml  penicillin  and  100  |JLg/ml  streptomycin  (Sigma, 
St.  Louis,  MO).  The  sodium  salt  of  PA  was  provided  by  Elan 
Pharmaceutical  Research  (Gainesville,  GA).  Doxorubicin 
(DOX)  and  PAla  were  purchased  from  Sigma.  Phenyl acetylglu- 
tamine  (PAG)  was  synthesized  as  previously  described  (Liu  et 
al,  1994). 

Quantitation  of  cell  growth  and  viability 

Growth  rates  of  cells  exposed  to  PA  were  determined  by  cell 
enumeration  with  a  hemocytometer  following  detachment 
with  trypsin-EDTA  and  by  an  enzymatic  assay  using  3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl  tertrazolium  bromide  (MIT; 
Mosmann,  1983).  These  2  assays  produced  essentially  the  same 
results.  Growth  rates  were  also  determined  by  thymidine 
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incorporation.  Cells  were  labeled  with  1  pCi/ ml [^H]-deoxy thy¬ 
midine  (Dupont,  NEN,  Boston,  MA),  and  TCA  precipitable 
radioactivity  was  determined  by  liquid  scintillation  counter. 
Cell  viability  was  assessed  by  Trypan  blue  exclusion.  A  colony- 
formation  assay  was  used  to  determine  cell  survival  following 
treatment  with  DOX.  Briefly,  exponentially  growing  cells  were 
plated  onto  100-mm  culture  dishes  in  triplicate  at  densities  of 
100  to  10,000  cells,  and  the  drug  was  added  after  a  24-hr 
attachment  period.  Ten  days  later,  cells  were  fixed  with 
methanol  and  stained  with  1%  crystal  violet  and  colonies 
composed  of  more  than  50  cells  were  counted  as  survivors. 

Cell  irradiation 

Exponentially  growing  cells  in  100-mm  dishes  were  treated 
as  a  monolayer  in  complete  media  under  aerobic  conditions 
and  given  a  total  dose  of  2-10  Gy  (2.0  Gy/min)  from  a 
Theratron-80  Cobalt-60  source  (Atomic  Energy  of  Canada, 
Ottawa)  as  previously  described  (Miller  et  al,  \993a).  Follow¬ 
ing  irradiation,  cells  were  detached  by  trypsin /EDTA  and 
plated  at  different  cell  densities  onto  60-mm  diameter  Petri 
dishes,  and  10  days  later  the  number  of  surviving  colonies  was 
determined  as  described  above. 

Colony  formation  in  semi-solid  agar 

For  analysis  of  anchorage-independent  growth,  cells  were 
harvested  with  trypsin-EDTA  and  resuspended  at  1.0  x  10^ 
cells  per  ml  in  growth  medium  containing  0.36%  agar  (Difco, 
Detroit,  MI).  Two  milliliters  of  cell  suspension  were  added  to 
60-mm  plates  (Costar,  Cambridge,  MA),  which  were  pre¬ 
coated  with  4  ml  of  solid  agar  (0.9%).  Tested  drugs  were  added 
at  various  concentrations,  and  colonies  composed  of  30  or 
more  cells  were  counted  after  3  weeks. 

Growth  on  Matrigel 

Cells  were  first  treated  with  drugs  in  plastic  tissue  culture 
dishes  for  4-6  days  and  then  replated  (5  x  10^  cells  per  well) 
onto  16-mm  dishes  (Costar)  coated  with  250  pi  of  Matrigel,  a 
reconstituted  basement  membrane  (Collaborative  Research, 
Bedford,  MA),  at  the  concentration  of  10  mg/ml.  Assessment 
of  invasiveness  was  performed  as  previously  described  (Samid 
et  aly  1993).  Drugs  were  also  removed  from  some  treated 
dishes  to  determine  the  reversibility  of  PA’s  effect.  Invasive 
cells  show  a  characteristic  net-like  formation  within  12  hr  of 
seeding,  and  invasion  into  the  Matrigel  was  evident  after  6-9 
days. 

Northern  blot  analysis  and  DNA  probes 

Cytoplasmic  RNA  was  extracted  from  exponentially  growing 
cells  and  separated  by  electrophoresis  in  1%  agarose- 
formaldehyde  gels  by  standard  procedure  (Maniatis  et  aL, 
1982).  Separated  RNA  was  blotted  onto  nytran  filters  and 
hybridized  with  radiolabeled  DNA  probes  as  previously  de¬ 
scribed  (Samid  et  aL,  1991).  The  ras  probe,  a  2.9-kb  Sac  I 
fragment  of  the  human  c-Ha-ras  gene  was  obtained  from 
Oncor  (Gaithersburg,  MD).  The  g-actin  probe  (Oncor)  was 
used  as  control  to  ensure  equal  loading  of  the  samples.  Probes 
were  labeled  with  ^^P-dCTP  (NEN,  Wilmington,  DE)  using  a 
random-primed  DNA  labeling  kit  (Ready-To-Go,  Pharmacia 
LKB,  Piscataway,  NJ).  Membranes  were  hybridized  with 
probes  according  to  the  Quikhyb  protocol  provided  by  Strata- 
gene  (La  Jolla,  CA)  at  68°C  for  1  hr  and  washed  twice  for  15 
min  each  at  room  temperature  with  2  x  standard  saline-citrate 
(SSC)/0.1  X  SDS  and  once  at  60°C  for  30  min  with  0.1  x 
SSC/0.1  X  SSD.  Autoradiography  was  performed  using  Kodak 
XAR5  films  at  -70°C  with  intensifying  screens. 

Metabolic  labeling  of  proteins  and  p21  immunoprecipitation 

For  labeling  experiments,  cells  were  seeded  at  a  density  of 
3  X  10^  per  TlS-crn^  flask  (Costar)  and  drugs  (PA  and 
ii-limonene,  5  mM  each)  were  added  the  next  day.  After  3  days 
of  continuous  treatment,  cells  were  labeled  for  3  or  24  hr  at 


37°C  in  methionine-free  Dulbecco’s  medium  (GIBCO)  with 
100  |jiCi/ml  32s-L-methionine  (ICN,  Costa  Mesa,  CA).  In 
addition,  cells  were  pre-treated  with  lovastatin  for  24  hr  before 
harvest  to  inhibit  endogenous  synthesis  of  mevalonate  and 
enhance  labeling  signal.  To  obtain  whole  cell  extracts,  labeled 
cells  were  lysed  with  1  ml  of  lysis  buffer  (0.05  M  Tris-HCl,  pH 
8.0  with  1%  Triton  X-100,  5  mM  MgCh,  and  0.1  M  NaCl)  and 
lysates  were  immunoprecipitated  with  monoclonal  antibody 
(MAb)  to  p21  (antibody  Y12-239;  Oncogene  Science,  Manhas- 
set,  NY)  for  4  hr  at  room  temperature  as  previously  described 
(Miller  et  aL,  1993a).  After  washing  with  lysis  buffer,  immuno¬ 
precipitated  proteins  were  separated  by  SDS-PAGE  on  12.5% 
gels.  Dried  gels  were  exposed  to  Kodak  X-Omat  film  with 
intensifying  screens. 

Analysis  ofp2r^^  isoprenylation 

V7T  cells  were  seeded  in  100-mm  culture  dishes  with  the 
above-mentioned  medium  and  supplements  until  75%  conflu¬ 
ent.  Cultures  were  replenished  with  fresh  medium  containing 
PA  at  0,  6  or  12  mM  and  the  treatment  lasted  for  24  hr.  In 
addition,  30  jiM  of  lovastatin  was  added  to  inhibit  endogenous 
production  of  mevalonic  acid,  thus  preventing  the  dilution  of 
radiolabel  (R,S)-[5-^H]mevalonolactone  (100  |xCi/ml,  50-60 
Ci/mmol;  American  Radiolabeled  Chemicals,  St  Louis,  MO). 
Each  dish  received  radioactive  mevalonolactone  in  500  pi  of 
medium  after  8  hr  of  drug  treatment  and  the  treatment 
continued  overnight.  Cells  were  harvested  with  1.5  mM  EDTA 
and  centrifuged  and  the  cell  pellet  was  disrupted  in  lysis  buffer, 
containing  1%  (v/v)  Nonidet-P40,  50  mM  Tris  (pH  7.6),  2  mM 
EDTA,  100  mM  NaCl  and  protease  inhibitors  (20  pg/ml 
PMSF  and  5  pg/ml  each  of  pepstatin,  antipain  and  aprotinin) 
for  30  min  at  4°C.  Samples  were  centrifuged  at  25,000g  for  30 
min  and  the  supernatant  was  used  for  further  analyses.  Protein 
concentrations  were  determined  by  the  BCA  protein  assay 
reagent  kit  (Pierce,  Rockford,  IL)  with  BSA  as  standard. 
Protein  concentration  was  adjusted  to  3  mg/ml  and  each 
milliliter  of  samples  was  mixed  with  20  pi  of  anti-v-Ha-ra^ 
(Y13-259,  Oncogene  Science)  at  4°C  for  6  hr.  Immune  com¬ 
plexes  were  precipitated  overnight  on  a  rotating  platform  by 
addition  of  40  pi  of  protein  A/ G~Sepharose  beads  (Oncogene 
Science)  in  lysis  buffer.  Immunoprecipitates  were  pelleted  by 
centrifugation  at  25,000g  for  15  min  and  washed  4  times  with  1 
ml  each  of  ice-cold  lysis  buffer.  Pellets  were  dissolved  in  20  pi 
of  sample  buffer  (50  mM  Tris,  pH  6.8,  containing  100  mM 
dithiothreitol,  10%  glycerol  and  0.025%  bromophenol  blue) 
and  heated  at  95‘'C  for  5  min  and  subjected  to  electrophoresis 
on  a  12.5%  SDS-PAGE  gel.  Gels  were  equilibrated  for  30  min 
with  fluorography  enhancer,  dried  under  vacuum  at  80°C  for  2 
hr  and  finally  exposed  to  a  Kodak  XOMAT-AR  film  at  —  70°C. 
Gels  were  also  stained  with  silver  stain  to  ensure  equal  loading 
of  samples. 

RESULTS 

Increased  susceptibility  of  ras-transformed  cells  to  growth  arrest 
induced  by  PA 

To  examine  the  effect  of  PA  on  ^^-transformed  cells,  V7T 
cells  which  contain  the  c-Ha-ra^  protooncogene  activated  by  a 
LTR  promoter,  were  initially  used  for  the  investigation.  The 
results  show  that  PA  caused  cytostasis,  as  indicated  by  the 
reduced  growth  rates  and  ^H-thymidine  incorporation  in  V7T 
and  parental  cells  after  4  days  of  treatment  (Fig.  la).  Interest¬ 
ingly,  V7T,  as  well  as  other  ra^-transformed  NIH3T3  sub¬ 
clones,  were  significantly  more  susceptible  than  the  parental 
cells  to  the  growth-inhibiting  effect  of  PA  at  various  concentra¬ 
tions.  Estimated  IC50  values  for  V7T  and  parental  cell  lines 
confirmed  the  increased  sensitivity  to  PA  (Table  I).  In  con¬ 
trast,  the  ra^-transformants  were  significantly  less  sensitive  to 
killing  by  DOX  and  radiation  than  the  parental  and  neo- 
transfected  cells,  as  indicated  by  the  LD50  and  Dq  values, 
respectively  (Table  I). 
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Figure  1  -  Selective  cytostasis  induced  by  phenylacetate  (PA). 
(a)  Murine  NIH3T3  and  its  related  subclones,  V7T,  transformed 
by  c-Ha-ra5  driven  by  LTR;  changes  in  cell  proliferation  rate  were 
determined  after  4  days  of  treatment  by  cell  enumeration  and 
thymidine  incorporation  (^H-dT).  (b)  Human  osteosarcoma  (HOS) 
and  its  subclone  transformed  by  v-Ki-ra^  (KRIB).  Growth  rates 
were  determined  by  cell  enumeration.  Results  from  MTT  assay 
were  essentially  the  same  (data  not  shown). 


To  further  examine  the  sensitivity  of  ra^-transformed  cells  to 
PA,  we  determined  the  response  of  AD5,  KRIB  and  human 
cells  as  well  as  their  parental  and  mock-transfected  cell  lines  to 
PA,  DOX  and  radiation  (Table  I).  The  results  confirmed  that 
HOS  cells  transformed  by  either  member  of  the  ras  oncogene 
family  were  more  sensitive  to  PA  than  the  parental  or 
mock-transfected  cells.  Inversely,  these  ra^-transformed  cells 
were  less  sensitive  to  DOX  and  more  resistant  to  radiation 
than  the  parental  and  «eo-transfected  cells,  as  previously 
described  (Samid  et  al,  1991;  Miller  et  al,  1993^;  Miller  and 
Samid,  1994).  Further  studies,  focusing  on  the  effects  of  PA  on 
tumor  cell  and  molecular  biology,  employed  V7T  cells  as  the 
model. 

Induction  of  phenotypic  reversion  by  PA 

Reduced  proliferative  capacity  of  V7T  cells  treated  with  PA 
was  accompanied  by  morphological  changes  indicative  of 
phenotypic  reversion.  Following  7  days  of  treatment  with  5-10 
mM  of  PA,  V7T  cells  regained  contact  inhibition  of  growth,  as 
illustrated  in  Figure  2  and  confirmed  by  the  reduced  saturation 


TABLE  1  -  SENSITIVITY  OF  ras -TRANS  FOR  MED  CELL  LINES  TO 
PHENYLACETATE  (PA),  DOXORUBICIN  (DOX)  AND  RADIATION 


Cells 

Transfected 

gene 

IC50 
of  PA 
(mM)’ 

LDso 
of  DOX 
(nM)2 

Do  of 
radiation 
(Grays)^ 

3T3 

14.0  ±  0.2 

74 

1.26  ±  0.12 

3T3-neo 

neo 

13.5  ±  0.5 

80 

1.29  ±  0.10 

V7T 

c-Ha-ra^"^ 

5.6  ±  0.4 

420 

1.76  ±  0.08 

DT 

v-ki-m5 

5.9 

HOS 

14.3  ±  0.3 

100 

0.83  ±  0.11 

HOS-neo 

neo 

15.0  ±  0.5 

106 

0.80  ±  0.07 

AD5 

EJras 

6.2  ±  0.5 

310 

1.46  ±  0.05 

KRIB 

\-Ki-ras 

6.8  ±  0.2 

330 

1.44  ±  0.10 

TC50:  dose  causing  50%  inhibition  of  cell  proliferation .-^LDso: 
dose  causing  50%  cell  killing.-^Do:  dose  required  to  decrease  cell 
population  by  37%.  Data  are  the  means  ±  SE  of  at  least  2 
experiments  with  3  dishes  per  treatment.-'^Activated  by  LTR 
promoter. 


Figure  2  -  Evidence  of  phenotypic  reversion  of  ra^-transformed 
Y7T  cells  by  phenylacetate  (PA).  (a,b)  Regained  contact  inhibi¬ 
tion.  Untreated  control  cultures  were  composed  of  refractile  and 
spindly  cells,  which  piled  up  to  form  multilayers  (a).  In  contrast, 
cells  treated  with  PA  (5  mM)  for  7  days  displayed  a  “fiat” 
morphology  and  formed  monolayer,  indicative  of  regained  contact 
inhibition  of  growth  (b).  (c,d)  Reduced  anchorage-independent 
growth.  Untreated  V7T  cells  formed  large  colonies  in  soft  agar 
with  rough  borders,  characteristic  of  highly  motile  cells  (c),  while 
PA-treated  cells  failed  to  form  colonies,  indicative  of  anchorage- 
dependence  (d),  (e,f)  Decreased  invasiveness  of  by  PA-treated 
cells.  V7T  cells  grown  on  reconstituted  basement  membrane 
(Matrigel)  formed  netlike  structure,  which  degraded  the  mem¬ 
brane  barrier  and  eventually  formed  monolayer  on  the  plastic 
surface  beneath  (e).  In  contrast,  PA-treated  V7T  cells  failed  to 
form  “nets”  and  developed  isolated,  small  colonies  incapable  of 
Matrigel  degradation  (f  ). 


SUSCEPTIBILITY  OF  ra^-TRANSFORMED  CELLS  TO  PHENYLACETATE 
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TABLE  II  -  EFFECT  OF  PHENYLACETATE  (PA), 
PHENYLACETYLGLUTAMINE  (PAG)  AND  PHENYLALANINE  (PAIa) 
ON  SATURATION  DENSITY  OF  V7T  CELLS 


A. 


NaPA 


+  +  -  + 


Treatment 

Number  of  cells 

X  10~^/cm“ 

None 

13.6  ± 

0.5 

PA  10  mM 

2.9  ± 

O.V 

PAG  10  mM 

13.0  ± 

0.4 

PAla  10  mM 

12.6  ± 

0.6 

Mean  ±  SD  of  2  independent  experiments  of  duplicate  samples - 
^Significant  difference  {p  <  0.05)  in  means  between  the  control 
and  treated  groups. 


TABLE  III  -  EFFECT  OF  PHENYLACETATE  (PA)  AND 
PHENYLACETYLGLUTAMINE  (PAG)  ON  ANCHORAGE-INDEPENDENT 
GROWTH  OF  V7T  CELLS  IN  SOFT  AGAR 


Collagen  a  (1) 


Ha-ras 


4 


m  m 


Treatment 

Number 
of  colonies 

Characteristics  of  colonies 

GAPDH  it  it 

None 

820 

500  large  colonies  with  irregular 
shape 

1  2  3  4  5 

PA  10  mM 

220 

40  large  colonies  and  the  rest  small 
with  smooth  edge 

B. 

PAG  10  mM 

580 

Similar  to  the  untreated  colonies 

Number  of  colonies  represents  the  average  of  2  independent 
experiments  of  triplicate  samples.  Standard  deviations  were  below 
15%  of  the  means.  Only  colonies  with  more  than  50  cells  were 
counted. 


density  summarized  in  Table  II.  In  contrast  to  PA,  neither  its 
precursor,  PAla  (10  mM),  nor  the  end-metabolite,  PAG  (10 
mM),  restored  contact  inhibition.  In  addition,  PA-treated  V7T 
cells  had  lost  anchorage-independence  (Fig.  2;  Table  III), 
characteristic  of  neoplastic  cells.  There  were  not  only  de¬ 
creases  in  the  number  of  colonies  formed  in  soft  agar  but  also 
changes  in  their  sizes  and  morphology  following  treatment 
(Fig.  3).  While  untreated  cells  formed  colonies  with  irregular 
borders,  characteristic  of  high  motility,  the  small  colonies  in 
the  PA-treated  group  had  smooth  edges  and  were  unable  to 
proliferate  further.  Finally,  the  V7T  cells  treated  with  PA  also 
lost  their  ability  to  invade  a  reconstituted  basement  membrane 
(Matrigel;  Fig.  2e,  f)  and  were  unable  to  form  net-like  struc¬ 
tures,  resembling  the  behavior  of  normal  fibroblasts  (Samid  et 
aly  1994).  The  effect  of  PA  on  contact  inhibition  and  invasive¬ 
ness  was  reversible  with  48  hr  upon  removal  of  the  drug  (data 
not  shown). 

Molecular  markers  of  cytostasis  and  differentiation 

The  morphological  alterations  of  V7T  cells  by  PA  were 
associated  with  changes  in  gene  expression,  including  in¬ 
creases  in  mRNA  levels  coding  for  collagen  al,  a  marker  of 
fibroblast  differentiation,  and  for  2',5'-oligoadenylate  synthe¬ 
tase  (2-5ASyn;  Fig.  3a),  a  gene  coding  for  an  enzyme  impli¬ 
cated  in  negative  growth  control  (Rimoldi  et  al,  1990).  In  a 
time-course  study,  PA  at  5  mM  caused  significant  increases  in 
2-5ASyn  expression  24-72  hr  after  treatment  (Fig.  3b).  Reduc¬ 
tion  in  Ha-ra5  expression  was  documented  in  one  subclone 
isolated  from  PA-treated  V7T  cells;  however,  such  a  change 
was  not  observed  in  other  subclones  or  in  a  mixed  population 
of  V7T  cultures  (Fig.  3a). 

Inhibition  ofpir^^  prenylation 

p2T^^  plays  an  important  role  in  growth  control  (Barbacid, 
1987;  Khosravi-Far  and  Der,  1994)  and  must  undergo  several 
post-translational  modifications,  including  farnesylation,  to 
become  associated  with  the  plasma  membrane  and  be  biologi¬ 
cally  active  (Hancock  et  al,  1989;  Khosravi-Far  and  Der,  1994). 
Suppression  of  the  growth  of  ra^-transformed  cells  by  PA  could 
be  due  to  inhibition  of  protein  isoprenylation  since  PA  blocks 
isoprenoid  synthesis  via  inhibition  of  mevalonate  pyrophos¬ 
phate  decarboxylase  (Shama  Bhat  and  Ramasarma,  1979; 


2-5ASyn 


GAPDH  p- 

1  2  3  4  5  6 

Figure  3  -  Molecular  correlates  of  cytostasis  and  differentia¬ 
tion.  Northern  blot  analysis  of  cytoplasmic  RNA  (20  |jLg/lane) 
isolated  from  V7T  cells  treated  with  5  mM  of  sodium  phenylac- 
etate  (NaPA).  (a)  Increased  expression  of  collagen  al,  a  marker  of 
fibroblast  differentiation,  and  2',5'-oligoadenylate  synthetase  (2-5 
ASyn),  coding  for  an  enzyme  implicated  in  negative  growth 
control.  Lane  1,  untreated  control  cells;  lane  2,  V7T  cells  treated 
with  PA  for  4  days;  lane  3,  Rl,  a  revertant  subclone  derived  from 
PA-treated  V7T,  was  exposed  to  NaPA  continuously;  lane  4, 
treatment  of  Rl  was  discontinued  for  4  days  to  determine  the 
reversibility  of  NaPA’s  effect;  lane  5,  Rl  retreated  with  NaPA. 
Results  indicate  that  down-regulation  of  Ha-ra5  and  up-regulation 
of  collagen  al  and  2-5ASyn  are  dependent  on  PA.  (b)  Time- 
dependent  changes  in  the  expression  of  2-5ASyn  following  PA 
treatment:  lane  1,  V7T  control;  lanes  2-5,  cells  treated  with  NaPA 
(5  mM)  for  12,  24,  48  and  72  hr,  respectively;  lane  6,  cells  treated 
with  10  mM  of  phenylacetylglutamine  (PAG)  for  72  hr. 


Castillo  et  al,  1991;  Samid  et  al,  1994).  To  test  this  hypothesis, 
we  next  examined  the  effect  of  PA  on  p2T^^  post-translational 
processing.  Using  2  experimental  approaches,  we  show  that 
PA  inhibited  p2T^^  farnesylation  in  a  dose-dependent  fashion 
(Fig.  4fl,  b). 

The  first  approach,  utilizing  metabolic  labeling  of  cellular 
proteins  with  ^^S-methionine,  revealed  the  shift  from  prenyl- 
ated,  membrane-bound  p21  to  increasing  amounts  of  the  free, 
cytosolic  p21  after  treatment  with  either  PA  or  ^/-limonene,  a 
known  inhibitor  of  farnesyl  pyrophosphate  transferase  (Fig. 
Aa).  However,  the  synthesis  of  p21  per  se  was  not  affected  by 
PA  treatment  (Fig.  Aa).  The  second  approach  used  the 
isoprenoid  precursor  ^H-mevalonate  to  label  prenylated  pro¬ 
teins.  The  results  confirm  that  PA  inhibited  p2F^^  farnesyla¬ 
tion  in  a  dose-dependent  manner  (Fig.  Ab). 


DISCUSSION 

Alterations  in  ras  superfamily  may  contribute  to  neoplastic 
transformation  and  disease  progression  in  a  large  variety  of 
human  malignancies  (Khosravi-Far  and  Der,  1994).  The  ras 
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Figure  4 -Inhibition  of  prenylation  by  phenylacetate 

(PA),  (a)  Autoradiograph  of  proteins  subjected  to  immunoprecipi- 
tation  of  by  Y13-239  MAb,  following  metabolic  labeling  with 
^^S-L-methionine.  Lane  1,  cells  exposed  to  5  mM  of  t/dimonene  for 
72  hr  (positive  control);  lane  2,  untreated  V7T;  lane  3,  cells  treated 
with  5  mM  of  PA  for  72  hr.  Molecular  markers  are  shown  between 
lanes  2  and  3.  Note  the  shift  of  p2L^®  from  its  prenylated 
membrane  form  to  the  cytosolic  form  following  PA  treatment. 
However,  there  is  no  change  in  total  p21  protein  produced,  (b) 
immunoprecipitation  following  protein  labeling  with 
S-[2-^4C]mevalonate  (16  p.Ci/ml),  the  precursor  of  farnesol.  Lane 
1,  V7T  control;  lanes  2  and  3,  cells  treated  for  24  hr  with  6  and  12 
mM  of  PA,  respectively.  Comparable  amount  of  proteins  was 
loaded  in  each  lane,  as  indicated  by  staining  with  Coomassie 
brilliant  blue  (not  shown). 


genes  may  also  be  responsible  for  increased  resistance  of 
tumors  to  killing  by  radiation  and  free-radical-based  chemother¬ 
apy  (Samid  et  ai,  1991;  Miller  et  al,  1993^;  Miller  and  Samid, 
1995).  Therefore,  ras  biosynthesis  and  its  post-translational 
modification  necessary  for  membrane  localization  and  biologi¬ 
cal  activity  have  become  important  targets  for  therapeutic 
intervention.  To  this  end,  we  have  previously  documented  that 
depletion  of  intracellular  glutathione  content  down-modu¬ 
lated  ras  expression  at  the  post-transcriptional  level  and 
increased  radiation  sensitivity  of  ra^-transformed  cells  (Miller 
et  al,  \993b).  Several  compounds,  including  the  tetrapeptide 
analogs  L-731,735/L-73 1,734  (Kohl eta/.,  1993)  and  benzodiaz¬ 
epine  peptidomimetics  (James  et  al,  1993),  have  been  shown 
to  selectively  inhibit  p2L®*  farnesylation  and  transformation  in 
cell  cultures.  Furthermore,  a  decline  in  p2V^^  prenylation  by 
lovastatin  was  associated  with  increased  sensitivity  to  killing  by 
radiation  or  DOX  (Miller  et  al,  1993a;  Miller  and  Samid, 
1995). 

In  the  present  study  we  show  that  PA,  an  inhibitor  of  protein 
prenylation,  induced  cytostasis  and  phenotypical  reversion  of 
ra.s-transformed  cells  refractory  to  conventional  therapy.  The 
aromatic  fatty  acid  PA  has  been  identified  as  a  relatively 
non-toxic  differentiation  inducer  and  has  entered  clinical  trials 
for  the  treatment  of  adults  with  cancer  (Samid  et  al,  1992; 
Thibault  et  al,  1994,  1995).  Inhibition  of  the  mevalonate 
pathway  and  protein  prenylation  by  PA  appears  to  be  among 
the  mechanisms  of  action  responsible  for  tumor  growth  arrest 
and  maturation  (Samid  et  al,  1994).  In  the  present  studies  we 
focused  on  the  effect  of  PA  on  ras  expression  in  ras- 
transformed  cell  lines.  To  explore  more  closely  the  relation¬ 


ship  between  ras  and  PA,  we  used  gene  transfer  models  to 
minimize  the  genetic  variability  among  tested  cells. 

Studies  involved  murine  and  human  cell  lines  neoplastically 
transformed  by  different  ras  DNA  constructs,  in  which  onco¬ 
gene  activation  was  due  to  either  transcriptional  activation 
(LTR-c-Ha-ra^),  mutation  (EJra^)  or  retroviral  transduction 
(v-Ki-ra.s).  The  central  finding  was  that,  while  the  ras- 
transformants  were  relatively  resistant  to  radiation  and  doxoru¬ 
bicin  treatments,  they  were  significantly  more  sensitive  to 
growth  inhibition  by  PA  than  the  parental  cells  or  those 
transduced  with  the  bacterial  neo  gene.  The  increased  suscep¬ 
tibility  of  ra5-transformed  cells  has  been  recently  confirmed  in 
cultured  cells  derived  from  patients  with  adenocarcinomas  of 
the  pancreas,  prostate,  colon  and  lung  (data  not  shown).  In 
addition  to  cytostatis,  PA  induced  biological  and  molecular 
changes  consistent  with  cell  differentiation.  For  example, 
following  treatment  with  PA  the  ra^-transformed  V7T  cells 
had  regained  contact  inhibition  of  growth  in  culture,  lost 
anchorage-independent  growth  in  soft  agar  and  reduced  abil¬ 
ity  to  invade  a  reconstituted  basement  membrane.  Northern 
blot  analysis  showed  increased  expression  of  the  fibroblast 
differentiation  marker  collagen  a  type  I  and  of  2-5 ASyn  coding 
for  an  enzyme  involved  in  negative  growth  control.  The 
profound  changes  in  cell  and  molecular  biology  were  accompa¬ 
nied  by  reduced  p2F^^  prenylation.  This  effect  is  consistent 
with  previous  findings  showing  that  PA  inhibits  cholesterol 
synthesis  and  protein  prenylation  (Shama  Bhat  and  Rama- 
sarma,  1979;  Castillo  e/ a/.,  1991;  Samid  a/.,  1994).  Inhibition 
of  p2F^5  farnesylation  may  thus  contribute  to  the  cytostasis  and 
phenotypic  reversion  induced  by  PA  as  this  post-translational 
modification  is  required  for  membrane  localization  of  p2V^^ 
and  its  biological  functions  in  mitogenesis  and  neoplastic 
transformation  (Hancock  et  al,  1989). 

Lovastatin,  another  inhibitor  of  the  mevalonate  pathway 
(Alberts,  1988),  was  found  to  block  the  post-translational 
modification  of  p2L®^  at  concentrations  significantly  greater 
than  those  needed  to  inhibit  cholesterol  synthesis  and  cell 
proliferation  (DeClue  etal,  1991).  Moreover,  other  oncogene- 
transformed  cells  {e.g.,  v-src  and  v-raf)  that  do  not  require 
isoprenoids  for  biological  functions  of  these  transforming 
oncoproteins  were  equally  sensitive  to  lovastatin  compared  to 
ra^-transformed  cells  (DeClue  et  al,  1991).  This  suggests  that 
the  anti-tumor  activity  of  lovastatin  may  be  independent  of  the 
ras  pathway.  By  contrast,  we  found  that  comparable  concentra¬ 
tions  of  PA  were  effective  in  inhibiting  protein  isoprenylation 
and  in  inducing  cytostasis  in  ra.y-transformed  cells,  while 
5rc-transformed  cells,  though  growth-inhibited  by  PA,  did  not 
undergo  phenotypic  reversion  (data  not  shown).  In  addition,  a 
rescue  study  with  farnesyl  pyrophosphate  shows  that  this 
isoprenoid  is  able  to  partially  reverse  the  cytostatic  effect  of  PA 
(data  not  shown).  Taken  together,  our  findings  suggest  that 
blocking  of  the  ras  pathway  may  play  a  more  important  role  in 
the  anti-cancer  activity  of  PA  than  that  of  lovastatin.  Neverthe¬ 
less,  it  cannot  be  ruled  out  that  additional  mechanisms  may 
contribute  to  the  anti-cancer  activity  of  PA.  Studies  are  in 
progress  to  determine  whether  other  oncogene-transformed 
cells  are  responsive  to  PA  treatment. 

Lipid  accumulation  occurred  in  various  tumor  cells  follow¬ 
ing  treatment  with  PA  (Samid  et  al,  1992,  1993,  1994).  In 
addition  to  inhibition  of  cholesterol  synthesis,  PA,  in  a  way 
similar  to  other  fatty  acids,  can  conjugate  with  co-enzyme  A, 
enter  the  pathway  to  chain  elongation  and  interfere  with  lipid 
metabolism  in  general  (Smith  and  Stern,  1983).  PA  has  also 
been  shown  to  stimulate  the  human  peroxisomal  proliferator- 
activated  receptor  (hPPAR;  data  not  shown),  a  member  of  the 
nuclear  steroid  receptor  superfamily  (Issermann  and  Green, 
1990;  Keller  et  al,  1993).  PPAR  is  a  ligand-activated  transcrip¬ 
tional  factor  known  to  regulate  fatty  acid  and  cholesterol 
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metabolism  in  mammalian  cells  (Issermann  and  Green,  1990; 
Keller  et  al,  1993).  Modulation  of  lipid  metabolism  rather  than 
direct  cell-killing  may  have  potential  for  chemotherapeutic 
treatment  of  patients  who  fail  to  respond  to  conventional 
therapies  (Kuhajda  et  al,  1994). 

In  summary,  the  differentiation  agent  PA  inhibits  p2P^^ 
post-translational  processing,  an  effect  associated  with  growth 
arrest  and  phenotypic  reversion  of  ra^-transformed  cells.  The 
increased  susceptibility  of  ra^-transformed  cells  documented 
here  using  gene  transfer  models  may  have  clinical  implications 
as  over-expression  of  ras  has  been  implicated  in  resistance  to 
conventional  therapies,  including  ionizing  radiation  and  some 


cytotoxic  chemotherapies.  PA  could  thus  provide  an  alterna¬ 
tive  treatment  (primary  or  adjuvant)  to  suppress  the  growth  of 
malignant  cells,  which  otherwise  escape  response  due  to 
over-expression  of  ras. 
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Radiation  Sensitivity  of  Plasmid  DNA  of  Varying  Superhelical 
Density.  Radiat.  Res.  144,  301-309  (1995). 

Several  families  of  negatively  supercoiled  topoisomers  of  plas¬ 
mid  pIBI30  were  prepared  by  a  modification  of  the  procedure  of 
Singleton  and  Wells  (Anal.  Biochem.  122,  253-257,  1982).  The 
average  superhelical  density  (a)  was  determined  by  two-dimen¬ 
sional  agarose  gel  electrophoresis  and  varied  from  -0.010  to 
-0.067,  corresponding  to  a  change  in  the  number  of  supercoils 
from  3  to  19  and  an  effective  volume  change  from  1.6  x  10®  to  4 
X  10®  A^.  Samples  were  exposed  to  either  fission-neutron  or  ^^Co 
7  radiation  and  assayed  for  single-strand  breaks  by  agarose  gel 
electrophoresis.  Form  I  DNA  for  all  topoisomers  decreased  expo¬ 
nentially  with  increasing  dose.  The  D37  values  for  both  neutron 
and  7  radiation  increased  monotonically  with  increasing  IctI. 
Using  a  branched  plectonemic  (interwound)  form  for  DNA  over 
the  range  of  a  studied  and  standard  (single-hit)  target  theory,  a 
quantitative  linear  fit  to  (D37)"*  as  a  function  of  the  effective 
DNA  radius,  5(A),  was  obtained.  The  model  predicts  that  both 
the  slope  (a)  and  the  intercept  {b)  of  as  a  function  of  5(A) 

are  directly  proportional  to  the  length  of  DNA  and  the  radiation 
fluence.  Furthermore,  the  ratio  bfa  (=  rj  at  a  =  0  depends  only 
on  the  ionic  strength  of  the  medium  and  is  independent  of  the 
radiation  source  parameters.  Our  results  support  the  model  and 
we  calculate  =  13.4  ±  1.4  nm,  a  value  consistent  with  other 
investigations.  Our  results  are  consistent  with  studies  using  ^^^Cs 
(Milligan  et  aL,  Radiat.  Res.  132,  69-73,  1992)  but  disagree  with 
data  obtained  for  X  rays  (Miller  et  al,  Int.  J.  Radiat.  Biol.  59, 
941-949, 1991).  ©  1995  by  Radiation  Research  Society 


INTRODUCTION 

DNA  supercoiling,  i.e.  the  coiling  of  the  axis  of  the  dou¬ 
ble  helix,  is  ubiquitous  in  biological  systems.  Supercoiling 
can  result  either  from  DNA  winding  around  proteins,  e.g. 
the  histones  of  eukaryotes,  or  from  the  imposition  of  other 
topological  constraints,  e.g.  as  occurs  in  covalently  closed 


^To  whom  correspondence  should  be  addressed. 


duplex  DNA.  Plasmid  DNA  constitutes  a  useful  model  sys¬ 
tem  for  investigating  interactions  between  topologically 
constrained  DNA  and  radiation  fields  and  other  environ¬ 
mental  insults.  In  vitro  studies  involving  supercoiled  plas¬ 
mid  have  revealed  a  number  of  unusual  DNA  structures  (i, 
2)  that  have  subsequently  been  identified  in  vivo.  Plasmids 
have  served  as  useful  model  systems  for  numerous  radia¬ 
tion  studies  in  addition  to  their  role  as  vectors. 

A  given  plasmid  can  assume  a  large  number  of  distinct 
and  easily  identifiable,  topologically  inequivalent  conforma¬ 
tions  verifiable  by  gel  electrophoresis.  These  different  con¬ 
formational  states  can  be  classified  by  their  linking  number 
(Lk;  ref.  5).  Lk,  a  topological  invariant,  is  defined  as  the 
number  of  revolutions  that  one  strand  makes  around  the 
other  if  the  molecule  is  constrained  to  lie  in  a  plane.  More 
useful,  because  it  is  independent  of  plasmid  size,  is  the 
descriptor  superhelical  density  (or  specific  linking  differ¬ 
ence,  (t),  which  can  be  defined  as  ALA/L/cq,  where  ALA:,  the 
mean  linking  difference,  is  equal  to  (LA:  -  LA:o),  and  Lk^  is 
the  equilibrium  mean  linking  number  of  the  plasmid  after 
nicking  and  ligation  under  defined  experimental  conditions 
(4,  5).  We  adopt  an  alternative  identity  for  Lk^ — the  num¬ 
ber  of  base  pairs  (M)  divided  by  10.5  (the  average  value  of 
the  helical  repeat  under  physiological  ionic  conditions).  In 
almost  all  cases,  native  plasmid  DNAs  isolated  from 
eukaryotic  cells  have  a  values  that  are  negative,  a  condition 
corresponding  to  more  base  pairs  per  turn  than  predicted 
by  the  Watson-Crick  model.^ 

In  this  paper  the  dependence  of  single-strand  breaks 
(SSBs)  on  DNA  superhelicai  state  is  measured  for  values  of 
a  varying  from  -0.010  to  -0.067.  Since  an  increase  in  IctI  is 
proportional  to  DNA  compactness,  larger  IctI  correspond  to 
smaller  radiation  target  volumes.  This  range  of  superhelical 

^For  experimental  evidence  of  DNA  existing  in  vivo  in  a  positive 
superhelical  state  in  the  genome  of  the  virus-like  particle  SSV-1,  present 
in  Sulfolobus,  see  M.  Nudal,  G.  Mirambeau,  P.  Forterre,  W.  D.  Reiter 
and  M.  Duguet,  Positively  supercoiled  DNA  in  a  virus-like  particle  of  an 
archaebacterium.  Nature  321, 256-258  (1986). 
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densities  offered  a  simple  means  of  testing  target  theory  for 
the  special  case  of  DNA  in  small  domains  capable  of 
assuming  unusual  conformational  states.  For  the  range  of 
superhelical  densities  studied,  we  estimate  a  change  in  the 
effective  DNA  volume  to  be  approximately  equivalent  to  a 
factor  of  two.  Recently  published  investigations  of  the 
dependence  of  D37  on  a  {6-8)  were  confined  to  low-LET 
radiation  and  advanced  conflicting  conclusions.  For  our 
investigation,  studies  were  extended  to  include  high-LET 
radiation  protocols  employing  fission  neutrons. 

This  paper  considers  the  analytical  methodology  with 
which  a  simplified  model  is  developed  to  account  quantita¬ 
tively  for  the  data  employing  the  assumption  that  superheli¬ 
cal  DNA  adopts  a  branched,  plectonemic  form  in  solution. 
Some  testable  predictions  of  the  model  are  presented. 

MATERIALS  AND  METHODS 

Protocol  for  preparation  of  supercoiled  families  (topoisomers)  of 
pIBI30.  Plasmid  pIBI30  was  isolated  from  Escherichia  coli  by  alkaline 
lysis  (9).  Eukaryotic  topoisomerase  I  (topo-I)  was  purchased  from 
Bethesda  Research  Laboratory  (BRL),  Bethesda,  MD,  and  was  pre¬ 
pared  for  assay  following  the  recommendations  of  the  supplier.  A  proto¬ 
col  for  relaxation  of  plasmid  DNA  was  modified  from  the  procedure  of 
Singleton  and  Wells  (10).  In  our  method,  30-50  pg  of  plasmid  was 
relaxed  with  30  U  of  enzyme  in  the  presence  of  1.4,  2.0,  4.1,  5.9,  6.4,  9.7, 
12,  16.4  or  22.6  pmol  dm'^  ethidium  bromide  at  37°C  for  4  h  in  a  total 
volume  of  150  pi  per  reaction  tube.  Native  plasmid  was  subjected  to  the 
same  manipulations  by  combining  it  in  a  reaction  mixture  containing  all 
ingredients  with  the  exception  of  topo-I  and  ethidium  bromide.  Since 
topoisomers  were  desired  in  quantity,  and  to  maximize  use  of  the 
enzyme,  a  typical  preparation  involved  12  reaction  tubes  (6  for  each  of  2 
topoisomers).  The  individual  tubes  were  combined  in  a  single  tube  after 
incubation  and  prior  to  extraction. 

Topoisomer  reaction  volumes  were  extracted  once  with  buffer-satu¬ 
rated  phenol  (BRL  catalog  number  5513UA)  and  once  with  phenohchlo- 
roformiisoamyl  alcohol  (proportions:  25:24:1),  removing  the  aqueous 
phase  to  a  fresh  tube  after  each  extraction.  Extractions  always  employed 
equal  volumes.  The  resulting  volume  was  subjected  to  three  extractions 
with  water-saturated  ethyl  ether  with  careful  removal  of  the  organic 
layer  to  waste.  After  each  extraction,  a  brief  centrifugation  (5,000  rpm 
for  1-5  min)  aided  in  phase  separation.  Finally,  resulting  volumes  were 
incubated  for  ~10  min  at  65°C  with  constant  flow  of  N2  gas  to  purge 
residual  ether  from  the  system. 

Ethanol  precipitation  of  topoisomer  preparations  was  adapted  from 
standard  protocols.  The  DNA  was  dissolved  in  a  small  volume  of  50  mmol 
dm“^  potassium  phosphate  buffer  (pH  7.2)  and  stored  at  4°C  for  a  mini¬ 
mum  of  24  h.  If  the  lyophilization  step  of  the  topoisomer  preparation 
involved  multiple  tubes,  they  were  combined  in  a  single  tube  using  a  vig¬ 
orous  wash-through  method,  which  took  advantage  of  the  innate  stability 
(resistance  to  shearing)  of  plasmid  (supercoiled)  DNA.  Topoisomer 
preparations  were  brought  to  a  final  concentration  of  —200  pg/ml  follow¬ 
ing  a  careful  dilution  protocol.  DNA  concentration  was  determined  by 
scanning  sample  solutions  at  260  nm  on  a  diode  array  spectrophotometer 
(Hewlett  Packard  model  8450 A,  Palo  Alto,  CA).  DNA  purity  was  deter¬ 
mined  by  monitoring  the  shape  of  the  curve  of  a  broad-spectrum  scan 
(220-350  nm)  of  the  DNA  in  solution  and  by  monitoring  the  absorption 
ratio  A260-A280  of  the  DNA.  DNA  was  certified  as  RNA-free  and  double- 
checked  for  absolute  concentration  by  monitoring  fluorescence  of  the 
topoisomers  in  the  presence  of  Hoechst  33258  with  a  dedicated  fluorome- 
ter  (Hoefer  Scientific  Instruments,  model  TKO-100,  San  Francisco,  CA). 


Two  sets  of  purified  supercoiled  families  of  pIBI30  were  prepared  for  use 
in  our  studies.  One  isomer  set,  designated  DEC  1991,  was  prepared  in  late 
1991  and  used  in  experimental  protocols  in  May  and  June  of  1992.  Its 
nicked-circular  component  comprised  «»26%  of  total  DNA  with  a  range 
of  23.7  to  30.3  for  the  six  families  of  topoisomers.  A  second  isomer  set, 
designated  SEP  1992,  was  prepared  in  the  fall  of  1992  and  used  in  experi¬ 
mental  protocols  in  October,  November  and  December  of  1992.  Its 
nicked-circular  component  comprised  ~34.8%  of  total  DNA  with  a  range 
of  29.1  to  39.3  for  the  seven  families  of  topoisomers. 

Superhelical  density  {a)  analysis  of  supercoiled  families.  Supercoiled 
families  of  pIBI30  DNA  were  analyzed  by  two-dimensional  (2D)  agarose 
gel  electrophoresis.  The  electrophoresis  parameters  were  manipulated  to 
yield  maximum  separation  in  both  dimensions.  Between  dimensions,  the 
gel  was  soaked  in  TBE  buffer  (89  mmol  dm“^  Tris,  89  mmol  dm”^  boric 
acid,  2.5  mmol  dm"^  EDTA,  pH  8.0)  containing  chloroquine  of  appropri¬ 
ate  concentration.  The  gel  (still  on  the  Plexiglas  plate)  was  prepared  for 
electrophoresis  in  the  second  dimension  by  rotating  it  90°  from  the  origi¬ 
nal  orientation  before  application  of  current. 

We  used  the  following  specific  parameters  for  2D  electrophoresis  of 
pIBI30:  (1)  First  dimension:  Agarose  gel  composition  (1.6%,  15  X  20  cm  in 
TBE  buffer);  electrophoresis  at  constant  voltage  (100  V)  at  room  tempera¬ 
ture  for  5  h  in  TBE  buffer  containing  chloroquine  at  a  concentration  of  1 
jimol  dm"^.  (2)  Gel  soak:  Five  hours  at  room  temperature  in  TBE  buffer 
containing  chloroquine  at  a  concentration  of  2  pmol  dm‘^.  (3)  Second 
dimension:  Electrophoresis  at  constant  voltage  (74  V)  at  4°C  for  13.5  h  in 
TBE  buffer  containing  chloroquine  at  a  concentration  of  2  pmol  dm“^. 

Electrophoresis  of  a  mixture  containing  all  (nonirradiated)  super¬ 
coiled  families  of  pIBI30  resolved  the  full  spectrum  of  topoisomers  into 
discrete  spots  forming  an  image  approximating  a  horseshoe  (see  Fig. 
ID).  Since  we  used  chloroquine  in  both  dimensions  of  electrophoresis, 
the  fully  relaxed  topoisomer  migrated  the  maximum  distance  in  both 
directions.  It  was  assigned  an  Lk  of  zero.  All  other  spots  had  Lk  less  than 
zero,  and  each  differed  from  its  neighbor  by  an  integral  amount. 

It  is  a  simple  matter  to  assign  a  AL/:  to  the  individual  supercoiled  fam¬ 
ilies  by  running  separate  2D  gels  for  each  family  and  comparing  the  pat¬ 
tern  obtained  with  that  obtained  for  the  full  spectrum  of  topoisomers. 
Nonirradiated  supercoiled  families  were  prepared  just  before  analysis  by 
dilution  with  potassium  phosphate  buffer  (50  mmol  dm'^)  and  bromophe- 
nol  blue/glycerol  tracking-dye  solution  to  a  concentration  of  «0.2  pg 
DNA/5  pi;  5  pi  was  applied  to  the  well.  After  electrophoresis,  gels  were 
photographed  using  positive/negative  film  (Polaroid  665  film,  Cambridge, 
MA)  with  a  Polaroid  MP-4  camera.  The  photographic  negatives  were 
analyzed  with  a  microdensitometer  (Molecular  Dynamics,  model  300B, 
Sunnyvale,  CA).  Densitometric  analysis  yielded  measurements  of  spot 
densities.  Each  family  was  characterized  by  ISLk,  defined  as: 

^Lk^XLk\xi^x■yl  (1) 

where  the  sum  extends  over  all  individual  spots  associated  with  a  given 
family  (see  Fig.  1),  Lky  is  the  linking  number  assigned  to  an  individual  spot 
i,  and  x^  denotes  a  measurement  of  density  for  the  corresponding  spot. 
Assuming  a  length  of  2926  bp  for  pIBI30  and  a  helical  pitch  for  DNA  of 
10.5  bp  per  turn,  ALA:(2926/10.5)“^  converts  AL/:  to  <j,  superhelical  density. 

Analysis  of  irradiated  supercoiled  families  of  pi B 130  f  Supercoiled  fami¬ 
lies  (200  pg/ml)  in  50  mmol  dm"^  potassium  phosphate  buffer  (pH  7.2)  were 
exposed  to  fission  neutrons  (dose  rate  =^5.1  Gy  min"^)  and  ^Co  7  irradiation 
(dose  rate  ~10  Gy  min"^)  at  room  temperature  and  ambient  atmosphere  in 

^Dosimetry  for  fission-neutron  and  ^Co  7  irradiations  was  performed 
according  to  protocols  documented  carefully  in  several  in-house  publica¬ 
tions.  These  publications,  not  generally  available,  include  the  following: 
DNA  Report  Nos.  5793F-1  and  5793F-2,  AFRRI  Technical  Report  TR83-2, 
AFRRI  Contract  Report  CR85-1  and  AFRRI  Technical  Note  73-3. 
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FIG.  1.  Two-dimensional  agarose  gels  of  supercoiled  families  of  pIBI30.  Panel  A:  a  =  -0.0666;  panel  B:  ct  =  -0.0401;  panel  C:  a  =  -0.0204;  panel  D: 
mixture  of  all  topoisomers.  See  text  for  electrophoresis  parameters.  NC  designates  nicked-circular  DNA  (Form  11),  the  largest  spot  in  all  panels. 

small  volume  conical,  polypropylene  tubes.  The  range  of  exposures  was  0  to  by  a  disruption  of  the  phosphodiester  linkage  of  the  sugar-phosphate  (DNA) 

50  Gy  for  fission-neutron  irradiation  and  0  to  15  Gy  for  ^Co  7  irradiation.  backbone]  per  plasmid  as  a  function  of  cr.  Irradiated  samples  were  prepared 

Gamma-irradiated  samples  were  exposed  to  a  bilateral  radiation  field  just  before  analysis  by  dilution  with  potassium  phosphate  buffer  (50  mmol 

produced  by  the  AFRRI  ^°Co  facility.  A  calibrated  tissue-equivalent  ion-  dm”"')  and  bromophenol  blue/glycerol  tracking-dye  solution  to  a  concentra- 

ization  chamber  (calibration  traceable  to  the  National  Institute  of  Stan-  tion  of  0.075  jjg/5  pi.  Five  microliters  of  this  preparation  was  applied  to  each 

dards  and  Technology)  was  used  for  y-irradiation  dosimetry,  following  of  several  lanes  such  that  the  entire  spectrum  of  experimental  treatments 

the  AAPM  TG21  protocol  (77).  The  tissue-to-air-ratio  was  0.98.  (radiation  doses)  including  control  (no  radiation)  were  represented  at  least 

Prior  to  assay,  irradiated  topoisomers  were  stored  at  4°C  in  tightly  twice  on  each  of  two  lane-sets  on  a  single  gel.  Also  included  on  the  gel  were 

capped  exposure  tubes,  which  were  further  protected  from  desiccation  marker  bands  composed  of  native  pIBI30  delineating  the  extremes  of  the  lin- 
by  enclosure  within  sealed  50  ml  conical  centrifuge  tubes.  Although  ear  response  region,  determined  previously  (data  not  shown).  Agarose  gels 

DNA  was  adversely  affected  by  storage,  the  effect  stabilized  after  (1.6%,  15  X  20  cm,  in  TBE  buffer)  incorporating  ethidium  bromide 

approximately  14  days  (as  shown  in  Fig.  2).  Samples  generally  were  not  (0.5  pg/ml)  were  run  at  constant  voltage  (75  V)  for  2  h  at  room  temperature, 

assayed  prior  to  the  20th  day  of  storage,  and  then  all  samples  for  a  spe-  Electrophoresis  resolved  samples  into  three  distinct  bands,  with  the  nicked- 

cific  experiment  were  assayed  within  5  to  7  calendar  days.  circular  band  widely  separated  from  the  rapidly  migrating  supercoiled  band. 

Radiation-induced  SSBs  as  a  function  of  dose  were  quantified  by  an  After  electrophoresis,  gels  were  photographed  with  positive/negative  film 

agarose  gel  electrophoresis  assay.  This  assay  facilitates  the  determination  of  and  the  photographic  negatives  were  analyzed  with  a  microdensitometer, 

the  £>37,  i.e.  the  dose  corresponding  to  an  average  of  one  hit  [or  SSB,  caused  Densitometric  analysis  yielded  measurements  of  band  densities. 


304 


SWENBERG  AND  SPEICHER 


FIG.  2.  The  effect  of  sample  storage  at  4°C  on  D37  for  a  typical  super- 
coiled  family  of  pIBI30.  values  were  normalized  to  reflect  unity  -  1 
day  of  storage. 

RESULTS 

A  log/linear  plot  of  the  supercoiled  (Form  I)  band  densi¬ 
ties  (normalized  to  control)  as  a  function  of  dose  is  illus¬ 
trated  in  Fig.  3  for  neutron-  and  7-irradiated  supercoiled 
families  of  pIBI30.  The  lines  are  the  least-squares  fit  to  the 
data  according  to  the  equation 

Form  1(D)  =  d|exp[-D(D37)-^]),  (2) 

where  d  is  the  intercept,  D  is  dose  and  is  an  estimate 

of  the  sensitivity  of  the  supercoiled  family  to  SSBs. 

Figure  4  shows  plots  of  as  a  function  of  5(A)  (see 

definition  below)  and  D37  as  a  function  of  a  for  7  and  neu¬ 
tron  irradiation.  Error  bars  indicate  the  standard  error  for 
two  or  three  independent  experiments.  Where  error  bars 
are  not  evident,  they  are  eclipsed  by  the  symbol.  The 
rescaled  £>37  values  of  Milligan  et  al.  (6)  are  illustrated  in 
this  figure  by  open  circles  and  were  calculated  (for  Fig.  4C) 
using  the  relationship 

^37  RESCALED  =  ^37  ORIGINAL[flfltilOg(^  ^)]  ’ 

where  m  and  s  denote  the  arithmetic  mean  of  the  log  of  the 
Z)37  values  of  Milligan  and  the  authors  of  this  report,  respec¬ 
tively.  Dashed  lines  in  Fig.  4  are  least-squares  weighted  fits 
to  experimental  data  (see  below). 

ANALYSIS 

In  standard  radiation  target  theory  the  effective  size  of 
the  target  and  the  number  of  hits  required  for  inactivation 
are  the  important  parameters  (72).  To  determine  the  effec- 


FIG.  3.  Loss  of  supercoiled  pIBI30  DNA  (Form  I)  with  increasing 
dose  of  fission  neutrons  (panel  A)  or  ^®Co  7  rays  (panel  B).  Curves  show 
the  least-squares  fit  of  the  data  (according  to  Eq.  2).  For  both  panels, 
squares  have  cr  =  -0.0643,  circles  have  a  =  -0.0308,  triangles  have  a  = 
-0.0148.  Both  panels  show  a  log-linear  plot  of  the  data. 


tive  target  size  of  a  supercoiled  DNA  molecule  in  solution 
we  assume  that,  in  the  underwound  state,  DNA  adopts  a 
plectonemic  form  with  Y-branched  vertices  (75).  Plectone- 
mic  forms  for  DNA  with  Y-branched  vertices  having  two 
superhelical  densities  are  shown  in  Fig.  5.  Evidence 
obtained  from  the  angular  distribution  of  scattered  light 
(74-7(5),  direct  visualization  by  cryo-electron  microscopy  (5, 
75,  77,  75)  and  Monte  Carlo  simulations  (18-20)  supports 
the  view  that  supercoiled  DNA  has  a  branched,  under¬ 
wound  form  in  solution.  The  number  and  nature  of  the 
branching  depend  on  the  DNA  base  sequence  (27)  and  size 
(5,  75, 19).  Light-scattering  data  from  PM2  bacteriophage 
(75)  and  electron  micrograph  studies  on  a  3.5  kb  plasmid 
(75)  suggest  a  value  of  two  for  the  number  of  branch  points. 

An  understanding  of  the  framework  for  the  calculation 
of  the  effective  target  cross  section  for  DNA  in  the  radia¬ 
tion  field  requires  elucidation  of  several  important  parame¬ 
ters  as  well  as  careful  formula  development.  Superhelical 
pitch  is  designated  by  livp.  The  length  of  the  superhelix 
axis,  €,  is  defined  as  the  sum  of  the  lengths  of  the  branched 
segments.  The  length  of  DNA  is  expressed  as  the  value  L, 
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Effective  Radius,  S  (A) 


Superhelical  Density,  lal 


FIG.  4.  Graphs  of  ^  as  a  function  of  effective  radius,  5(A)  (panel  A:  7  radiation;  panel  B:  fission  neutrons)  and  (D2,j)  as  a  function  of  super¬ 
helical  density,  Icrl  (panel  C,  7  radiation;  panel  D,  fission  neutrons).  Solid  circles  denote  mean  of  two  or  three  experiments  ±  standard  error  (shown 
except  where  the  symbol  eclipses  the  error  bars).  Open  circles  represent  the  data  of  Milligan  et  al.  (6)  adjusted  for  the  difference  between  the  mean 
response  of  their  data  and  that  of  the  data  reported  here  (see  text).  Dashed  lines  are  theoretical  fits. 


which  may  be  determined  quite  simply  according  to  the  for¬ 
mula:  L  =  3A(M  -  1)A,  where  M  represents  base  pairs.  The 
distance  between  the  DNA  superhelix  axis  and  the  virtual 
cylinder  axis  is  S  in  angstroms,  or  5'(A).  The  literature 
offers  support  for  the  assertion  that  €  is  independent  of  a 
(73)  and  that,  to  a  good  approximation,  €  =  0.41L  (5). 
Therefore,  as  shown  in  the  work  of  Boles  et  al  (73),  the 
geometrical  relationship  between  L  and  the  plectonemic 
DNA  superhelix  parameters  can  be  expressed  as 

L  =  2'nn([S^  +  +  E'nS,  (3) 

where  E  =  T  +  2,  T  is  the  number  of  branch  points,  n  is  the 
number  of  supercoils,  and  p  is  equal  to  [(€  -  ES)/Ttn].  Since 


the  second  term  in  Eq.  (3)  is  quite  small  in  comparison  to  the 
first,  the  value  of  Y  to  within  a  factor  of  5  is  unimportant.  On 
the  other  hand,  €,  being  independent  of  a  (73),  is  a  critical 
assumption.  The  investigations  of  Boles  et  al  (73)  provide  an 
estimate  of  n,  namely:  n  =  ^.89aLA:o,  where  Lk^  =  M/10.5. 

The  dependence  of  a  on  the  effective  cylinder  radius  (S) 
may  be  derived  from  Eq,  (3).  This  relationship,  5(A)  =  g(a), 
shown  in  Fig.  6,  is  determined  by  solving  Eq.  (3)  for  Y=2,a 
measure  of  Y  consistent  with  published  values  (73,  75).  It  is 
also  evident  from  Fig.  6  that,  to  an  excellent  approximation, 

5(A)-2.62/lal, 
for  \(j\  greater  than  0.01. 


(4) 
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FIG.  5.  Schematic  of  plectonemic  DNA  (4.6  kb)  in  solution  with  two 
branch  points  (y  =  2),  I  =  6300A  (€/L  =  0.4).  Panel  A:  ct  =  -0.06,  n  = 
23.4,  r  =  56A.  Panel  B:  tr  =  -0.079,  n  =  30.8,  r  =  43A.  Redrawn  from  Coz- 
zarelli  et  al.  (5). 

For  any  DNA  molecule  having  an  orientation  a  with 
respect  to  the  incident  radiation,  the  effective  target  area, 
8Ae(a),  is  the  area  projected  onto  a  plane  perpendicular  to 
the  beam  direction.  Geometrical  considerations  imply  the 
relationship 

8Ae(a)  =  kj  =  KS  +  Kfoy  (5) 

where  depends  on  the  particular  molecule  and  is  propor¬ 
tional  to  (  and  L.  r  is  the  effective  cylinder  radius  of  the  vir¬ 
tual  cylinder  delineating  the  molecule.  Given  the  definition 
of  S  as  the  distance  from  the  DNA  superhelix  axis  to  the 
cylinder  axis,  it  follows  that  r  =  S-vr„,  where  defines  the 
radiation  radius  of  the  completely  relaxed  DNA  molecule 
(ct  =  0).  We  expect  to  to  be  a  function  of  ionic  strength  since 
numerous  studies  have  suggested  that  effective  DNA  radius 
varies  with  ionic  environment  {20, 22, 23).  Summing  for  all 
configurations  gives  the  total  cross  section  for  a  radiation 
event  impacting  a  DNA  molecule  (a  hit), 

aT  =  S„8Ae(a).  (6) 

For  our  model  system  where  a  single  hit  inactivates  the 
molecule  converting  Form  I  to  either  nicked  (Form  II)  or 
linear  (Form  III)  DNA,  the  decrease  in  Form  I  DNA  obeys 
the  relationship 

Form  1(D)  =  exp[-D(D37)”']  =  exp(-<ri-F),  (7) 

where  F  is  fluence.  We  interpret  our  experimental  D37  val¬ 
ues  using  the  formula 

(Dsj)-^  =  CIS  +  CLr^  =  aS  +  b,  (8) 

where  C  is  a  constant  (for  a  given  experiment  collectively 
representing  such  parameters  as  dose  rate,  temperature, 
solvent  ionic  strength  and  radiation  quality),  a  is  the  slope, 
and  b  is  the  intercept. 


FIG.  6.  The  relationship  between  plectonemic  superhelix  radius,  5(A) 
and  superhelical  density  (o)  for  plasmid  pIBI30.  The  curve  fitted  to  the 
circles  denotes  the  relationship  derived  from  Eq.  (3):  5(A)  =  g(cr).  The 
curve  fitted  to  the  triangles  represents  the  approximation:  5(A)  =  2.62/or. 


Employing  the  theoretical  relationship  5(A)  =  ^(ct)  (see 
Fig.  6),  we  have  calculated  an  effective  5(A)  for  each  fam¬ 
ily  of  topoisomers  characterized  by  tr.  Estimates  of  a  and  b 
may  be  derived  from  Fig.  4,  which  shows  plots  of  (D37)  * 
as  a  function  of  5(A)  and  D37  as  a  function  of  a  for  7  and 
neutron  irradiation.  The  dotted  lines  in  the  figure  sipify  a 
biweighted  line  fit  (parameter  c  =  4.5)  for  (D37)  '  as  a 
function  of  5(A).  This  gives  ay  =  3.7  (±0.2)  X  10  A 
Gy-\  by  =  4.5  (±0.2)  x  10^^  Gy"',  a„  =  6.2  (±0.4)  X  10'=  A'^ 
Gy'\  and  b„  =  8.9  (±0.5)  X  10'=  Gy'^  Inferred  values  of 
bla  are  12.2  ±  1.3  nm  for  7  radiation  and  14.4  ±  1.7  nm  for 
fission  neutrons. 

Neither  the  data  of  Milligan  and  coworkers  (6),  shown 
in  Fig.  4  as  open  circles,  nor  our  data  from  7-radiation 
experiments  where  5  >  200  A  (corresponding  to  two 
points)  were  used  in  the  biweighted  fitting.  Both  the 
biweighted  fits  for  our  data  for  neutrons  and  7  radiation 
showed  a  significant  regression  coefficient  {P  <  0.01).  In 
graphs  of  the  D37  as  a  function  of  ct  (Fig.  4C  and  D),  the  fit¬ 
ted  curve  shown  uses  the  biweighted  fit  parameters  a  and  b 
derived  from  the  relationship  of  (.037)'^  as  a  function  of 
5(A)  and  the  definition  Icrl  =  2.62/5(A). 

DISCUSSION 

It  is  evident  from  Fig.  4  that  single-hit  target  theory  is 
valid  for  the  range  of  superhelical  densities  studied  when 
using  2Trr€  =  2'ir(ro  +  S)(  to  calculate  target  cross  section. 
The  slight  discrepancies  at  small  IctI  may  be  attributed  to 
energy  depositions  occurring  within  the  virtual  cylinder  as 
direct  damage  events  exclusively.  As  the  cylinder  radius  5 
increases,  Icrl  decreases,  and  this  assumption  becomes  more 
likely.  There  is  no  evidence  for  significant  transitions  in  the 
secondary  structure  of  pIBI30  such  that  DNA  radiation  sen- 
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TABLE  I 

Experimental  Conditions  Used  in  Several  Investigations  of  the  Radiation  Sensitivity  of  Plasmid  DNA 


Investigators 

Plasmid 

(bp) 

Buffer 
(mmol  dm"^) 

pH 

Z)37“ 

Temperature 

Irradiation  conditions 

Dose  rate  (Gy  min“^) 

[DNA]  Gamma 

(pg/ml)  rays^  Neutrons 

Swenberg  and  Speicher*^ 

pIBI30 

2926 

50  KPO4 

7.2 

16.9 

11.6 

Room 

temperature 

200 

10 

5.1 

Spotheim-Maurizot  etal.  (27) 

pBR322 

4362 

50  KPO4 

7.3 

26.2 

0°C 

200 

2 

0.3 

Milligan  et  al.  (6) 

pUC18 

2686 

2  Tris 

0.2  EDTA 

8.0 

61.3 

48.8 

Room 

temperature 

50 

6,18 

Miller  et  al.  (8) 

pIBI30 

2926 

10  Tris 
lEDTA 

7.2 

218.1 

161.8 

OX 

24 

6 

''£>37  is  reported  for  native  plasmid  irradiated  by  7  or  X  rays.  High  and  low  values  are  reported  where  several  determinations  were  made.  Data 
were  graciously  provided  by  J.  R.  Milligan,  who  reported  his  data  as  Dq  values.  Values  reported  for  Miller  et  al  and  for  Spotheim-Maurizot  et  al  are 
estimates. 

^Miller  et  al.  used  an  X-ray  source. 

This  report. 


sitivity  is  noticeably  perturbed  from  the  prediction  of  target 
theory.  Presumably,  in  this  plasmid,  over  the  range  of  a 
studied,  either  there  is  negligible  formation  of  alternate 
structures  (H-  and  Z-DNA  and  cruciforms),  or,  should  they 
form,  these  structures  do  not  alter  radiation  sensitivity 
significantly.  However,  we  have  observed  changes  in  the 
DNA  strand  characteristics  as  indicated  by  Si  nuclease 
assays  for  nicking  and  linearization  of  DNA.  Topoisomers 
of  pIBBO  having  larger  lal  were  linearized  more  readily  by 
Si  nuclease  (data  not  shown),  a  clear  indication  of  enhanced, 
localized  single-strandedness. 

It  is  well  established  that  in  double-stranded  DNA  the 
bases  are  shielded  inside  the  double  helix,  and  sugar  moi¬ 
eties  are  relatively  more  exposed  to  hydroxyl  radical  attack. 
Thus  ’OH  attack  of  deoxyribose  (the  precursor  pathway  to 
SSBs)  may  be  more  important  in  double-stranded  DNA 
compared  to  single-stranded  DNA  (24).  The  agreement  of 
our  data  with  target  theory  and  the  enhancement  in  the 
ratio  of  single-stranded  to  double-stranded  DNA  as  !al 
increases  can  be  rationalized  by  assuming  that  either  DNA 
denaturation  sites  (AT-rich  regions)  contribute  only  mod¬ 
estly  to  the  total  radiation  sensitivity  of  the  plasmid,  or  radi¬ 
cal  transfer  occurs  from  bases  to  the  ring  structure  of  the 
sugar  molecule.  Generally,  radical  attack  on  bases  results  in 
point  mutations,  not  strand  breaks,  unless  radical  transfer 
occurs.  In  single-stranded  poly  uridylic  acid  clear  evidence 
exists  for  base  radicals  to  transfer  to  the  deoxyribose,  initi¬ 
ating  strand  breaks  (25).  No  evidence  exists  for  such  a  path¬ 
way  inside  cells  or  for  DNA  in  solution.  Without  further 
research,  this  puzzle  will  remain, 

A  rescaling  of  the  data  of  Milligan  and  coworkers  (6) 
makes  it  evident  that  their  results  concur  with  the  results 
reported  in  this  paper.  Seemingly  contradictory  data  pub¬ 
lished  previously  by  us  (7)  were  in  error.  (The  error  was 


traceable  to  an  unreliable  ALk  for  the  native  form  of 
pIBBO.)  The  results  of  Miller  et  al  (8)  are  inconsistent  with 
target  theory  and  with  data  reported  here.  This  discrepancy 
could  be  due  to  effects  of  the  ionic  environment  employed 
in  their  investigation.  Anderson  and  Bauer  (5)  have  shown 
that  very  significant  changes  in  superhelix  density  can  occur 
in  plasmid  DNA  by  alterations  in  temperature  and/or  ionic 
conditions.  It  is  even  possible  to  alter  the  sign  of  a  by 
manipulating  the  ionic  conditions. 

Although  our  results  confirm  target  theory,  this  need  not 
be  the  case  for  other  plasmids,  or  for  plasmids  subjected  to 
conditions  which  were  not  investigated.  In  addition  to  tem¬ 
perature  and  ionic  state,  base  composition  is  a  major  vari¬ 
able.  For  example,  when  lal  increases,  the  presence  of 
inverted  repeats  increases  the  likelihood  of  non-B  DNA 
regions,  e.g,  Z-DNA  tracks  or  cruciform  structures.  AT-rich 
DNA  segments  will  enhance  the  occurrence  of  denatured 
sites  with  increases  in  lal  or  temperature.  These  structures 
are  energetically  unfavorable  except  in  the  case  of  closed- 
circular  duplex  DNA  or  for  local  regions  of  chromosomal 
DNA  where  structural  alterations,  driven  by  DNA  super- 
coiled  free  energy  (^0^),  are  favored.  Furthermore,  because 
of  the  difference  in  sugar  conformation  between  positively 
and  negatively  supercoiled  DNA  and  the  increased  flexibil¬ 
ity  of  positively  supercoiled  DNA  relative  to  negatively 
supercoiled  DNA  (26),  we  expect  that  the  response  of  posi¬ 
tively  supercoiled  DNA  to  ionizing  radiation  will  differ 
from  that  of  negatively  supercoiled  DNA.  Table  I  (27)  sum¬ 
marizes  the  conditions  employed  by  several  research  labo¬ 
ratories  investigating  the  radiation  sensitivity  of  topoiso¬ 
mers  of  plasmid  DNA, 

Our  hypothesis  regarding  the  dependence  of  (7)37)“^  on 
5(A)  predicts  that  both  the  slope  a  and  the  intercept  b  are 
proportional  to  the  length,  L,  of  DNA,  the  radiation 
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parameters  and  solvent  ionic  strength  (Eq.  8).  However,  the 
intercept  to  slope  ratio,  bla,  should  be  solely  a  function  of 
solvent  ionic  strength.  Although  the  calculated  and  (a 
measure  of  SSBs)  are  5.5  ±  0.5  times  larger  than  and  b„, 
the  ratios  of  bla  for  the  two  radiation  types  are  nearly 
equivalent  [^0(7)  =  12.2  ±  1.3  nm  and  ^^(n)  =  14.4  +  1.7  nm], 
lending  support  to  the  belief  that  is  solely  a  function  of 
ionic  strength.  Since  is  an  order  of  magnitude  larger  than 
the  geometric  radius  of  DNA  (~10  A),  the  parameter 
should  be  regarded  as  an  effective  radiation  radius. 

Similarly,  when  calculated  (or  measured)  as  a  function  of 
electrolyte  concentration,  DNA  diameter  is  several  times 
larger  than  the  geometric  diameter  at  low  monovalent 
cation  concentration  {28).  Dose-rate  differences  between 
the  7-irradiation  protocol  (10  Gy  min"’)  and  the  neutron- 
irradiation  protocol  (5.1  Gy  min"’)  may  account  for  some 
(factor  =  2)  of  the  unexpectedly  large  difference  (factor  = 
5.5  ±  0.5)  between  fl(7/n)  and  ^(y/n).  A  portion  of  the 
remaining  incongruity  (factor  «=3)  may  be  attributable  to 
qualitative  radiation  factors.  The  nonrandom,  high-density 
distribution  of  radicals  along  the  tracks  of  neutron-produced 
secondary  particles  greatly  reduces  the  )neld  of  reactive  ’OH 
radicals  as  this  spatial  pattern  enhances  recombination  (29). 
A  dense  track  of  radicals  is  characteristic  of  neutron  irradia¬ 
tion,  as  is  a  sparse  and  relatively  random  distribution  of  radi¬ 
cals  for  7  irradiation  {30, 31).  Spotheim-Maurizot  et  al.  {27) 
have  actually  reported  a  disparity  in  SSB  yield  (factor  =  2)  in 
studies  of  neutron  and  7  irradiation  of  plasmids. 

Our  data  demonstrate  that  induced  SSBs  can  be 
accounted  for  quantitatively  by  simple  target  theory  if  it  is 
assumed  that  supercoiled  DNA  adopts  a  branched  plectone- 
mic  structure  in  dilute  solution.  Specifically,  (£>37)"’  varied 
linearly  with  the  DNA  radius,  S,  as  predicted  by  target  the¬ 
ory.  A  premise  that  the  ratio  bla  is  solely  a  function  of  ionic 
strength  was  confirmed  by  our  inferred  values  of  12.2  ± 
1.3  nm  for  7  irradiation  and  14.4  ±  1.7  nm  for  fission-neutron 
irradiation  of  plasmid  DNA  of  varying  superhelical  densities. 
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ATTN:  LIBRARY 

INSTITUTE  OF  RADIOBIOLOGY,  ARMED  FORCES 

MEDICAL  ACADEMY 

ATTN:  DIRECTOR 

KAMAN  SCIENCES  CORPORATION 
ATTN:  DASIAC 

OAK  RIDGE  ASSOCIATED  UNIVERSITIES 
ATTN:  MEDICAL  LIBRARY 

RESEARCH  CENTER  FOR  SPACECRAFT  RADIATION  SAFETY 
ATTN:  DIRECTOR 


RUTGERS  UNIVERSITY 

ATTN:  LIBRARY  OF  SCIENCE  AND  MEDICINE 

UNIVERSITY  OF  CALIFORNIA 

ATTN:  DIRECTOR,  INSTITUTE  OF  TOXICOLOGY  & 

ENVIRONMENTAL  HEALTH 

ATTN:  LIBRARY,  LAWRENCE  BERKELEY  LABORATORY 

UNIVERSITY  OF  CINCINNATI 

ATTN:  UNIVERSITY  HOSPITAL,  RADIOISOTOPE 

LABORATORY 

XAVIER  UNIVERSITY  OF  LOUISIANA 

ATTN:  COLLEGE  OF  PHARMACY 


PRESIDENT 


